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Abstract

There are numerous aspects of a distribution network that must be studied in order to
determine the maximum size of distributed generation that can be accommodated on
the distribution network before supply standards are breached. Voltage rise is one of
the main aspects of concern when connecting a distributed generator to a distribution
network and this thesis develops the understanding of this phenomenon and
concludes with a real life study.
Mathematical and computer simulation software examples within this thesis
demonstrate how voltage rise can be reduced to the maximum allowable limit, a
major concern if the capacity of a distributed generator unit is greater than the local
load demand capacity of the feeder it is connected to, which is often the case
especially with weak rural networks. The thesis assesses the various options a
distribution system operator planner has available to them when determining the least
cost technically acceptable method for reducing voltage rise to an acceptable level.
Some methods of voltage rise mitigation discussed in this thesis are not approved
methods in Ireland although they are discussed and analysed in many technical
publications.
The thesis concludes with a study of a voltage rise that is caused by the
introduction of a distributed generator unit exporting onto a 38 kV feeder in Ireland.
Each option is studied and discussed and the findings of these technically acceptable
options are ranked from a distribution system operator’s point of view. The financial
assessment of these options is based on the agreed Commission for Energy
Regulation costs with the Distribution System Operator in 2008. The overall results
are then ranked by the criteria of least cost technically acceptable. This is the option
that is then presented to the independent power producer. The independent power
producer must assess this solution from financial cost, planning permission
acquirement and length of project completion perspectives.
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Abbreviations & Acronyms
A

Amps

CA

Connection Agreement

CER

Commission for Energy Regulation

CHP

Combined Heat and Power

CSA

Cross Sectional Area

DG

Distribution Generation

DN

Distribution Network

DSO

Distribution System Operator

ESB

Electricity Supply Board

IPP

Independent Power Producer

kV

kilovolts

LCTA

Least Cost Technically Acceptable

MV

Medium Voltage

MVA

MegaVolt Amps

MVAR

MegaVolt Amps reactive

MW

MegaWatt

NO

Normally Open

OLTC

On Load Tap Changer

PV

Photo Voltaic

Q

Reactive Power

R

Resistance

SAC

Special Area of Conservation

SCA

Steel Core Aluminum

SPA

Special Protected Area

TAO

Transmission Asset Owner

TSO

Transmission System Operator

V

Volts

VT

Voltage Transformer

X

Reactance

XLPE

Cross Linked Polyethylene

Z

Impedance
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Chapter 1
Introduction
This chapter presents an overview of the background and motivation behind this
thesis. The research challenges and an outline of the structure of the thesis are also
presented.

1.1

Motivation and Objectives

The voltage rise issue is one of the main barriers to the limit put on the amount of
DG that can be accepted on to each particular network [1 ]. A DG project can fail to
get from planning to construction due to the cost of the requirements that must be in
place to ensure voltage rise is not an issue on the network. That is why continuous
research on a huge scale is on going by DSOs, developers, colleges, etc., to see what
methods can be used to allow DGs to be connected to the network and what mixture
of these methods can be utilised to mitigate an issue such as voltage rise. This thesis
focuses on understanding the voltage rise concept and then it discusses and analyses
the possible methods that can be used to mitigate voltage rise on a network.
Motivation for this research is from two separate interested parties; these
include the DSO and the IPP. The DSO is motivated to understand and mitigate
voltage rise on the network as it is the responsibility of the DSO to operate and
maintain the networks and ensure the level of electricity supply to all customers is
within standard [2; 3j. The DSO is obliged by the CER to study the networks and
assess what the least cost technically acceptable method of connecting a DG unit to
the network is [4]. Therefore, the DSO is highly motivated to understand what effects
a DG can have on voltage and ensure that all possible studies have been carried out
in ensuring that at no possible point can the quality of supply to any eustomer be
outside of standard.

1.2 Contribution of the Thesis
There is also huge motivation from the IPP and their consultants to understand the
voltage rise issues and what the possible methods of mitigating the issues are. It is all
about cost for the IPP and the cheaper the cost of the connection to the network the
better.
The objectives of the thesis are quite clearly defined. From the start of the
thesis through to the final conclusions the thesis is consistently analysing and
building on the knowledge detailed throughout the thesis. The objectives of this
thesis are to answer the following questions, how to calculate what the maximum
amount of generation is that can be connected to the feeder without the voltage rise
increasing past the maximum limit? What is the voltage on the network after the DG
is connected? How is a network modeled to determine the maximum voltage rise?
What should a planner observe when carrying out a study? There are seven methods
of voltage rise mitigation measures that are analysed, modeled and discussed. The
objective of this thesis is to determine the advantages and disadvantages of each and
conclude what method is best suited for the real life study carried out in this thesis.

1.2

Contribution of the Thesis

The purpose of this thesis is to investigate the impact of DG on the voltage profile of
a weak distribution network and in addition, develop methods for assessing this as
part of network planning activities. The studies performed have been especially
driven by two facts:
1) It can be seen that managing the voltage profile will play an essential role in
the near future considering the propagation of DG. The minimum
requirements will be to assume that the distribution network is operated
safely and that the voltage profile will not form obstacles before the progress
of DG.
2) The knowledge interaction among DSOs is more or less superficial. This is
natural as the DG interconnections are individual cases at present. Similarly,
the present planning systems do not support the DG studies as they could do.
DSOs will be facing the DG interconnection studies more often in the near
future and efficient methods and tools will be needed.
2
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1.3 Thesis Outline
Due to the above mentioned facts, the impact of DG units on the DN voltage profile
must be included in the daily network planning and operation activities instead of
performing only case specific studies.
The contribution of this thesis can be condensed as follows:
•

Explain the theory and equations to model voltage rise events in the DN
caused by DG.

•

To provide information and knowledge on coordinating voltage profile in a
weak distribution network in the presence of DG.

•

To provide methods for developing the present network planning systems to
better support the planning process. This requires for instance, development
of load and generator modeling in present system.

•

To introduce practical level planning rules and principles. This means
bringing the research observations closer to the network planning activities.

1.3

Thesis Outline

The thesis commences with the focus on how a DG can cause a voltage rise on the
network and progresses to how this can be eliminated. The approach of this research
is taken from the point of view of the DSO. The IPPs point of view is discussed in
the assessment of the mitigating measures for voltage rise. The thesis concludes with
a study of an actual real life voltage rise issue due to the proposed connection of a
new DG.
Chapter 2 is based on the literature review of the layout and operation of the
Irish electrical power system with DG. Chapter 2 commences with an outline of the
history of the development of the Irish grid network and why the connection of DG
can now be such a problem in rural networks. The focus of this chapter is to
demonstrate that power flows on the grid are now bidirectional and this has made it
harder to now plan the development of the network and operate it. The distributed
generation is discussed and the various types that are currently connected and
exporting into the Irish grid in Ireland. But the focus is on the DSO planner and the
challenges they face when studying and allowing DGs to be connected on all parts of
the network.
3
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1.3 Thesis Outline
This chapter also discusses aspects of the ‘DSO Code’ and the ‘Distribution Planning
Criteria’ documents that outline the planning guidelines for the voltage standard on
the distribution networks in Ireland. It is quiet clear from the literature that there are
many different methods used in calculating and predicting the voltage rise caused by
a DG in a DN. A selected few of these methods are discussed and analysed, some of
which are used by the Irish DSO. Some of the methods assume some aspects of the
DN characteristics, such as no reactance present, and therefore only deal with
resistive element. This can be proven to be a very simple and quick method of
calculating voltage rise but it is not 100% accurate.
Chapter 3 deals with the theory of voltage rise and concludes at the end with
the most accurate and reliable method of calculation.
Chapter 4 builds on the knowledge gained and examines all the options
currently available to the DSO planner in eliminating the voltage rise. These options
are analysed both mathematically and by using the electrical power flow analysis
software, ERACS. A sample network is used for this analysis. This chapter is
essential for the reader and the DSO planners to understand the concept of voltage
rise and how the solutions actually work with a feeder. Phasor diagrams are used
throughout this chapter as a visual aid in the understanding. All possible solutions are
shown to mitigate voltage rise but it is the planner who must decide which one is
technically the best solution for the particular project.
Chapter 5 deals with a study of a real network where voltage rise is expected
to be an issue with the proposed connection of a DG. All options that have been
analysed in the previous chapters are applied and the outcomes discussed in detail.
The network is recreated in ERACS and all results from each study carried out in
ERACS are discussed from a technical point of view (technically acceptable).
The second part of chapter 5 focuses on the financial cost of each of the solutions
required to reduce the voltage rise to the required level. The costs are based on the
agreed CER and DSO costs 2008. A ranking system is put in place starting with the
least cost option. Throughout this analysis the IPPs viewpoint is also discussed and
what the implications are for the IPP for each DSO technical solution. This chapter
can now conclude with what the LCTA method to eliminate the voltage rise is.

-4-

1.3 Thesis Outline
Chapter 6 concludes the thesis outlining the methods of mitigation and their
implications. A brief outline of a predicted future network is shown and scope for
further work is discussed.

-5-

Chapter 2
Literature Review
In this chapter literature related to voltage rise caused by the integration of DG into a
weak distribution network is reviewed.

2.1

Irish Power System

In understanding how the Irish and many of the world electricity grids have come to
a point where voltage rise mitigation in a weak distribution network due to the
impact of distribution generation is of major concern both electrically and
financially, the history of each grid must be examined [51.
In Ireland, the Electricity Supply Board Act was passed in 1927 to set up the
Electricity Supply Board (ESB) [6]. This was and still is a corporate body controlling
and developing Ireland's electricity network. Ironically at this time, more than 300
different suppliers were concerned with generating and supplying electricity in
different parts of the country, including 16 local authorities and five major
companies, and all these players were merged into the ESB. Almost 85 years later
the wheel has come full circle and Ireland has once again many suppliers of
electricity, all feeding into the grid at 230 V, up to and including 110 kV.
Historically, transmission and distribution lines were owned by the same
company, but over the last decade or so many countries have liberalized the
electricity market in ways that have led to the separation of the electricity
transmission business from the distribution business. The transmission section of
ESB was separated from the company and a new independent semi-state company
called EirGrid was established. EirGrid are the TSO for the transmission system in
Ireland [7]. ESB still own the transmission assets and ESB are called the TAG. ESB
own and operate the distribution assets and are named the DSO [3].

-6

2.1 Irish Power System
It is the responsibility of the system operator to plan and develop the electricity grid,
schedule and dispatch generation, operate the electricity market and ensure system
security.
The diagram in Figure 2.1 gives an outline of a traditional vertical type
transmission and distribution type system that was the building block model for
decades [5; 8J. The power flow was unidirectional from the generating substation and
stepped down through the various voltage levels to all the load demand consumers
[9]. Planning and developing a grid in this way was very straightforward due to the
power flow direction. The most common problem was to deal with voltage drops.
Voltage rises only happened on very lightly loaded transmission lines and only
became an issue in Dublin City because of the capacitance of the quantity of the
underground cable on lightly loaded networks at night in the last decade. Protection
was straightforward, again due to unidirectional power flow. Short circuit levels got
their contribution from one source, the ESB feeding transformer and not several local
DCs feeding into the fault.

7-

2.1 Irish Power System
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Figure 2.1: Irish Power System Prior to DG Connected
Throughout the decades only a fraction of the total electricity generated in
Ireland was by third parties, in 2000 98% of the generation market was supplied by
ESB [10]. Some of these parties included large-scale factories, for example,
Dairygold, who exported only at times onto the grid at 38 kV. Because these
generation units were so uncommon, their impact on the system was insignificant as
the grid was so strong it could manage and overcome the impacts of these generator
sets in the vast majority of cases.
The consumption of power has been on an upward trend since the conception
of the ESB in Ireland, but for only the second time in the history of the Irish State the
consumption of electricity in Ireland has decreased [5]. The first time was in 1973,
the famous world oil crisis, the second time is the present day (2011) [11].
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2.1 Irish Power System
The main driver for the reduction of the present day’s consumption is the economic
downturn. Many SMEs are closing, or have reduced their plant size and reduced their
staff numbers. Domestic consumers have become much more aware of the financial
and environmental savings that can be made due to energy conservation.
We find ourselves at a crossroads in history. Fossil fuel has been the main
producer of electricity since the creation of large-scale electricity grids [12]. Fossil
fuel prices have always been on a steady increase, couple this with an increasingly
scarce resource and the prices keep rising [5]. We have reached a tipping point in
Ireland where many SMEs and large industries cannot prosper or even survive unless
they tackle and deal with their rising energy costs. Customers that were once demand
type, are now becoming suppliers of electricity. By investing in a generation type
such as CHP and wind turbine, businesses can now plan with more certainty into the
future as they are now the creator of their own electricity on site [5].
The development of the Irish, and the majority of the European and world
transmission and distribution networks have been based on the vertical type network,
generation was fed onto the transmission network and the customers were demand
type [5]. Because customers can now both import and export electricity, it is forcing
the system operators of national grids to radically change their way of thinking with
regard to system protection, rising short circuit level, voltage stability, system
operation, quality of supply to the customer and the availability of supply [8; 13j.
The ESB has a vision of Ireland being a self-sufficient energy nation and as
far back as 1927, the company commenced this concept by completing one of the
largest hydro construction projects in the world, at the time, on the river Shannon.
This again was introduced into the Irish grid as a vertical type generation plant.
Many other hydro projects were built by ESB, Turlough Hill, which is a manmade
mountain lake system (pump storage) and Inniscarra dam on the river Lee.
Throughout the history of the ESB, very few customers have been exporters of
electricity, but this changed dramatically in the 2000s when Irish Government at the
time created financial incentives for IPPs to export electricity into the grid [14].
These IPPs have varying sizes of generators, comprising mainly of CHP, landfill gas
and wind turbine.
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2.1 Irish Power System
Figure 2.2 shows the modern Irish grid system. The power flows on the grid are now
bidirectional [8; 9].
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Figure 2.2: Irish Power System with DG Connected
As agreed with the CER, the TSO and the DSO, if an IPP wishes to connect a
DG to the grid, the IPP must complete an application form detailing the exact site
location of the proposed DG, and electrical aspects of the DG unit including MV A
rating, voltage rating, operational power factor capability, impedance of the machine,
etc. [15]. The DSO planners must then carry out a study on the least cost technically
acceptable method of connecting the DG unit to the grid. This is then presented to
the IPP and a CA has to be agreed and obtained from the DSO before the IPP can
connect their generator to the grid.
- 10

12 Distributed Generation
The system operator is obliged by the CER to study and determine the LCTA method
of connection for each individual IPP.
DGs are so called due to their location distributed throughout the distribution
electricity network. The increasing quantity of DG is forcing a change in the role of
distribution systems. These system are now carrying demand load current and local
generation current. This tlow can be bidirectional and alternating throughout a 24hour period, depending on the load demand and the output from the DGs. This has
made the power networks in Ireland and throughout the world quite difficult to
accurately study. Monitoring of power flow and voltage at the start and end of every
feeder on the network is essential to give a DSO planner historical data on the feeder
so an accurate prediction for the future operation and development of the feeder can
be made.

2.2

Distributed Generation

It was historically believed that it was more economic to produce power in very large
quantities at the one location and to transmit large quantities of power at the highest
voltage possible [51. Because of this, the amount of generation plants was not large
and so the transmission network had to become dense to transmit power adequately
to the demand load points. Distributed generation is changing this view and large
quantities of DG units are being installed on the lower voltage networks, and many
close to the location of the load demand requirement [8; 16]. DGs can also still be
grouped to create one large export centre, wind farms being one such type. DGs have
given the consumers and exporters of electricity flexibility and options that were not
so readily available before.
There are many forms of DG connected to the Irish grid. The following are
examples of such generators [8]
•

CHP

•

Wind turbines

•

Biogas

•

PV

2.2 Distributed Generation
Two popular DGs that are connected in Ireland are CHP and wind turbine [12].
These units are connected to the Irish grid at various voltage ranges, from 230 V and
up to 110 kV. CHP units can be as large as 5.0 MVA and units of this size are
usually connected at 10, 20 or 38 kV to the grid. A single wind turbine currently
being installed in Ireland can be as large as 3.0 MW. A whole ‘farm’ of these wind
turbines can have a single point of coupling to the grid, such farms can be as large as
80 MW. Generation of this size would have to be connected to the transmission
system and to date this has been a direct connection to the 110 kV system.
Ireland is perfectly located on the eastern edge of the Atlantic Ocean to allow
high yields of wind harvesting for the creation of electrical energy [17]. As a result,
DG units are being connected at a rate never seen before in Ireland [12; 18]. To
maximize the harvest yield, wind farms are being located on the west coast of Ireland
on hilltops and rural areas where there is little or no human population. Wind
turbines are being located on the west coast because the turbines are most exposed to
the Atlantic winds. They are being located on hilltops because again they are
exposed to wind and there are little or no objects such as trees, houses etc., which can
create turbulence and reduce the flow and power of the wind that comes in contact
with the turbines blades. They are also being located in very rural areas where there
are little or no people living, so that planning permission for the wind farms may be
easier to attain, as there may be little or no local opposition.
There is now a problem. The electricity grid of Ireland, similar to that any
where in the world, is designed to cater for the large demand loads and so the vast
majority of the transmissions networks and strong distribution networks are feeding
these demands. These demands are primarily Dublin City, Cork City and decreasing
with the next largest city and so on. Dublin City is on the east coast of Ireland and
Cork City in the South, neither is close to the west coast. There is, in fact, very little
transmission network around the southwest, west and north west coast of Ireland and
the distribution networks are only capable of supplying the towns, villages and rural
domestic supply.

12-

2.2 Distributed Generation
The basic layout of the transmission system is indicated in Figure 2.3 [19].

Basic I’ransmission System
440 kV Line------- ---------

There is a 220 kV interconnection between all the major demand loads
(cities) and large-scale generation plants. The only two 440 kV feeders in Ireland are
from the Moneypoint generation plant direct to Dublin. The historical load demand
of rural Ireland and the west coast is very low and so the networks reflect this by
being quite sparse and limited to supplying a low demand. Although the demand on
these rural feeders is low, the feeders are extremely long; it is possible in rural
Ireland to have 10 & 20 kV feeders consisting of up to 150 km of both single and
three phase conductors. The largest conductor in this feeder may be 92 mm^
(backbone or main section of the feeder) which can be more than adequate to supply
a low demand feeder with a low diversity factor. Typical loads on a 10 & 20 kV
feeder in rural Ireland is 0.7 to 1.5 MVA. This demand load is dispersed along the
feeder. [20] describes Finland as being similar to Ireland.
- 13-

2.2 Distributed Generation
So the question is, how do you get an adequate connection to a DG where
there is little or no network, not to mention transmission network? How do you
ensure the quality of supply to the customers connected to that network is not
compromised? These rural networks are designed for the demand load and have
future growth capacity designed into them based on historical load growth rates [1].
But when a DG load in the MW range has to be connected onto this feeder, and
typically at the remote end of the feeder, the resistance and reactance of the line is so
large that voltage rise is almost inevitable [1; 4; 21]. So it is clear that connection of
future DGs on to weak rural networks is a major challenge to the DSO and the
planners of the electricity system. This means that all traditional operational and
planning methods and practices are being reviewed and altered accordingly.
When an IPP decides that they wish to connect and export a DG to the grid,
they must first fill out an application form and issue it to the DSO. Within this form,
the IPP must clearly identify the location of the proposed site for the DG. This will
enable the DSO planner to determine what networks and substations are neighboring
this location. The IPP must give the MVA output of the DG unit. This will enable the
planner to determine if the neighboring networks can accommodate such generation
‘load’. If the machine can operate at both a lagging and leading power factors, then it
will be a significant advantage in aiding in the control of network voltage [ 11.
The DSO planner is obliged by the CER to conclude the study with the
LCTA method of connection. LCTA is deemed to be the fairest method of
determining the method of connecting the DG. The 'least cost' element of the
equation is in the interest of the IPP, as they will be typically bearing the full cost of
the connection and any network reinforcements that are required. The 'technically
acceptable' element is in the interest of the DSO. Under no circumstances should the
planning standards be compromised, but the DSO is obliged not to over engineer a
method of connection [8].
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2.2 Distributed Generation
When determining the LCTA method, the DSO must consider in full all planning
guidelines and operational constraints that the proposed DG might affect [2]. These
include [1]
•

Power Quality

•

Short Circuit Level

•

Short Circuit Ratio

•

Voltage Rise

•

Equipment Ratings

•

Losses

•

Reliability

•

Protection [8)

The aspect that this thesis concentrates on is Voltage Rise. Voltage rise rarely
tends to be an issue on vertically integrated type networks with unidirectional power
flows. A feeder supplying demand load, usually an inductive type load at
approximately 0.95 power factor is supplied from one end by a supply substation,
voltage drops occur along the feeder with the lowest value of voltage seen at the end
of the feeder [1].
If DG is now connected to this feeder it will alter the active and reactive
flows and so the voltage values on the feeder now change. Especially if the network
is weak, DG can create a significant voltage rise at the end of a long feeder with a
large impedance [22; 23]. The voltage rise issue will be at its most onerous when the
demand load is at its lowest and a large amount of DG is still producing onto the
network [IJ. Rural networks are prone to voltage rise as the demand load can drop
off at notable times during the day and the resistive element of these distribution
lines is higher than the more heavily loaded, shorter urban networks. The X/R ratio
of the rural distribution lines can be <= 5, compared to transmission type networks
with values between 10 and 20. In Ireland, DG is connected at 0.4 kV, 10 kV, 20 kV,
38 kV and 110 kV, with wind farms being the most dominant type of DG in Ireland
[12J.
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2.2 Distributed Generation
Voltage rise is a critical part of the DSO planning study and can demand
expensive network reinforcements to facilitate the connection of DG. A weak
network means a network with a low short circuit level. Without a DG on the feeder,
the sending voltage at the transmission substation is always set higher than the
nominal voltage; the set-point for 38 kV is 41.6 kV. This is to ensure the voltage at
the end of the feeder is within standard and therefore as much demand load as
possible can be connected to the feeder.
The Irish DSO has a planning document entitled ‘Distribution Planning
Criteria’. This sets out all planning criteria that a DSO planner must adhere to when
planning the network. This document deals with ‘performance criteria’ of the
network and subsequently ‘voltage control’. The distribution planner must base the
voltage planning standard on the following diagrams.

MV BusBar

MV D.N.

Transformer

LV Network

—W—
2%

5% Normal Feed
10% Standby Feed

3%

Customer

HID
5%

2%

1)0 Rise

Figure 2.4 above is the criteria that a DSO planner must adhere to when planning and
developing the 10/20 kV and LV networks.
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2.3 Required Information
The part to focus on is the top section in green, which outlines the maximum
voltages that are allowed any where on the network due to DG.

38 kV BusBar

38 kV D.N.

38 kV BusBar

MV BusBar

42.5 kV/ 10.8 kV
41.5 kV/ 10.8 kV

35.1 kV/ 10.6 kV
33.4 kV/ 10.1 kV

Figure 2.5: 38 kV Voltage Planning Standard

Figure 2.5 above is the criteria that a DSO planner must adhere to when
planning and developing the 38 kV networks. The part to focus on is the top section
in green, which outlines the maximum voltage that is allowed any where on the
network due to DG, i.e. 43.0 kV.

2.3

Required Information

To accurately study a particular network, a DSO planner must have as much
information as possible about the generator that is proposed to be connected, and the
network that it is to connect to. The majority of the planner studies will be carried out
on the computer model of the network and the more accurate the information the
planner inputs into the data base of the computer model, the more accurate the
results.
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2.3 Required Information
Information about the network cannot be overstated enough, historical load
data about the network is essential. The minimum information is the current flowing
in the circuit. The problem with just having current is determining in what direction
the current is flowing in. Historically with vertical type grids, the flow could always
be assumed to be in one direction. Now just having current alone is not enough. The
MW and MVAR flow on the feeder and data from subsequent upstream transformers
over a minimum 12-month period are required to accurately reflect what the actual
loading is on the network.

To accurately model the network all physical elements must be determined
o

Quantity of cable and overhead line

o

CSA of all the conductors

o

Single phase and 3 phase components

o

How dispersed is the load? How is the load shared with large dominating
load customers on the network?

o

Backfeeding arrangements for the network

o

MVA rating of upstream transformers and associated equipment

The DSO planner can utilise this information in a network modeling computer
software package. Accurate studies can be performed and the network can be tested
to determine if the network can accommodate the proposed generator and the
standard of supply is correctly maintained at all times.
When applying for a proposed connection to the grid, the IPP must complete
an NC-5 application form and forward this to the DSO so that an accurate study of
the exact generator can be carried out. There is a comprehensive list of items that is
asked for in the NC-5 form. The proposed location of the generator is asked for by
the DSO. This has major consequences as it determines what local DSO networks are
neighbouring the generator. Good communication is vital between DSO planners as
another DG unit may have been selected to connect to the same feeder or a
neighboring feeder that may be required for backfeeding etc. Therefore the DSO
planner must do a comprehensive search to determine all future plans for the actual
feeder the DG is to be connected to and all associated networks.
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2.4 Voltage Rise
If the study concludes that deep reinforcements are required on the network, then
part or even all of this deep reinforcement work may be in another plan.

2.4

Voltage Rise

As mentioned above, one of most severe constrains in a weak distribution network is
a voltage rise and so, the network has a limitation to the quantity of distributed
generation it can accommodate without the quality of the supply to the customers
connected to that feeder going outside standard. In Masters (2002), voltage rise is
discussed in detail and possible solutions are outlined, these are discussed and
analysed further in this thesis [11. Long networks with small cross sectional area
conductor, which were designed for small load demands, are now being forced to
accommodate large penetrations of DG, from which the inevitable outcome is
voltage rise.
In Barker and de Mello (2000), the impact of distributed generation is
discussed and voltage rise is highlighted as an issue [22]. One of the most important
points to take from it is to recognise that a DG exporting at a certain point in the
network may have voltage that is within the required limits at its point of common
coupling but the DG may cause voltage rise problems somewhere else on the
network. This can be seen in the study conducted for this thesis, the voltage was
within standard at the substation which the DG was connected to, but voltage went
above standard at another location on the network.
In Van Zyl et al. (2005), a method of calculating voltage rise is discussed
[24]. The method tries to determine what the voltage rise is if the DG is
approximately mid-way on the feeder. This method makes the assumption that the
loads and DG are evenly spaced on the feeder.
In Van Thong et al., the voltage rise is calculated on a single distribution
circuit [25]. It is assumed that the DG and the demand load are connected at a single
busbar at the end of the feeder. In Carvalho et al. (2008), a method is presented that
analyses how the control of the voltage may allow maximum generation to be
exported into the grid [261. h is based on the control of the DG’s reactive power.
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2.4 Voltage Rise
In Vous et al. (2006), a method of controlling the voltage and reactive power
by means of active management centralised control is shown to be a means of
allowing more generation export on the feeder [23]. Their system requires sensors
and communication links, which are also proposed in this thesis as part of a closed
loop control method of voltage control.
Repo et al. outlines what methods of voltage rise mitigation are available
[20]. Three of these are discussed and analysed in detail, control of the power factor,
using a reactor and altering the feeding substation voltage. All these have merits but
are proven to have hidden implications in this thesis. In Caples et al (2011), two
possible methods of voltage rise mitigation are discussed, they are increasing the
cross sectional area of the feeder conductor and using a shunt reactor [27].
In Leite et al. to control the voltage on the feeder it has been proposed to
utilise voltage sensors at every substation busbar on the feeder and communication
links feeding the voltage reference back to a centralised unit which will request the
OLTC of the feeding transformer to change tap and alter voltage as per system
requirements [281. In Liew and Strbac (2002), three methods are presented to
mitigate voltage rise in the network, curtail the DG export, alter the reactive power
absorption by a reactive compensator and the ability to coordinate voltage control by
an area based OLTC [29].
In Chuong (2008), voltage stability is discussed both mathematically and with
a phasor diagram [30]. The discussion is based on the power-voltage relationship and
on placing generation (wind farms) at strategic locations on the network to aid in the
voltage stability of the network.
In Wallace and Kiprakis, discussion and modeling of auto voltage and power
factor control in the quest to mitigate voltage rise is shown [31]. A simple model is
used for the example. In Mahmud (2011), voltage rise mitigation methods are
outlined all of which are analysed in this thesis [32].
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2.5 Chapter Summary

2.5

Chapter Summary

The focus of this chapter is on the present day operational pattern of the Irish
electrical power system with increasing penetration of DG. In addition, the
consequence of the DG penetration is bidirectional power flow accompanied by
voltage rise at certain points on the network.
This chapter commenced with an outline of the history of the Irish grid
system. It outlined how initially there were separate suppliers and distributors of
electricity in Ireland and how these were combined into one single corporate body
named the Electricity Supply Board of Ireland. The liberalized electricity market has
lead to the separation of transmission and distribution operational control. EirGrid
are now the transmission system operator and ESB the distribution system operator
in Ireland.
The traditional vertical type grid was discussed and how it was based on
unidirectional power flow. It was discussed how this type of network was very
straightforward to plan and operate compared to the bidirectional system that is
present in today’s Irish grid.

There is a change in attitude in government’s,

electricity supplier’s and consumer’s towards electricity generation and consumption.
Governments want to reduce their carbon emissions and so are promoting green
technologies for both the generation and consumption of electricity. Electricity
consumers want to reduce their energy bills and so they are starting to use energy
efficient systems and processes. Independent power producers want to make
financial gains so they are connecting DG units at various voltage levels onto the
grid. These DGs are now creating bidirectional power flows in the grid and so
planning and operation of the grid has become much more complex.
The chapter describes how DG is changing the historical view of producing
electricity in large quantities at single locations and distributes the electricity via
dense networks, to the view of installing on-site local generators at the points of the
load. Many wind farms are still holding true to the historical view of producing
electricity in large quantities at single locations, as it is more economic to do so.
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2.5 Chapter Summary
Two of the popular forms of DG in Ireland are wind and CHP. Wind is
especially popular due to its location on the edge of the Atlantic. The west coast of
Ireland is deemed to be the best location for wind harvesting, but locating wind farms
on the west coast means this generation is at the furthest away points from the large
load centres in Ireland, which are the cities. Dublin city would have the largest load,
which is on the east coast and Cork city would be next, which is located on the south
coast. The historical load demand of rural Ireland and the west coast is very low and
so the networks reflect this by being quite sparse and limited to supplying a low
demand. The connection of large scale (MWs) DGs to weak rural network is a major
challenge to the DSO and their planners of the electricity system. All traditional
operational and planning methods and practices are being reviewed and updated
accordingly.
The DSO is obliged by the CER to conclude a study of how a DG can be
connected to the grid by the least cost technically acceptable method. There are many
technical aspects the DSO planners must study prior to the connection of the DG into
the network, one of the major constraints is ‘voltage rise’ and it must be studied in
great detail. The DSO voltage planning guidelines are clearly shown for both LV, 10
kV and 38 kV networks in Ireland. To complete an accurate study, a planner must
gather as much information as possible about the generator that is proposed to be
connected as well as the load flow history and the physical make up of the network it
is to connect to. This allows the planner to accurately determine what infrastructure
is required to enable the DG connect to the grid and ensure electricity supply
standards are not breached.

-22-

Chapter 3
Voltage Rise
When a DG is proposed to be connected to the distribution system the DSO will
study the worst case operating scenarios that will be seen on the network and ensure
the network and all customers connected to the network will not be adversely
affected. The three critical studies to be carried out are [11:

•

No generation and maximum demand

•

Maximum generation and maximum system demand

•

Maximum generation and minimum system demand

The scenario that will highlight if a voltage rise is possible is the ‘maximum
generation and minimum system demand’. The DSO in Ireland, models the
connection of DG with the demand load on the substations set at the lowest summer
base demand load, which is approximately 20% of the winter peak load. It has been
agreed with the CER, the DSO and the IPPs that instead of modeling with zero
demand loads, the base summer load would be applied.
There is a pitfall that the planner must be aware of and that is if a large demand
load type consumer is connected to the feeder. If that customer suddenly went out of
business and their load suddenly reduced to zero, then consequently the lowest load
demand on the network may be much lower and so voltage rise may become a major
issue after the DG has been connected and is now exporting. So the planner must
determine what demand load to model with if an accurate future load demand on the
network is to be used.
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3.1

The Distribution Feeder Characteristics

When there is no DG present on the feeder, the feeding substation must transmit
power to the load demand customer, who can be a considerable distance away.
Because of voltage drop on the feeder, the sending voltage at the substation must be
raised. The X/R ratio of a 38 kV feeder (overhead line) tends to be low, so therefore
RP and XQ cannot be ignored [1]. So the longer the feeder, and/or the larger the load
will result in a larger voltage drop along the feeder, the lowest voltage point at the
end of the feeder. To maintain the system voltage within the allowed limits at the
majority of substations, the DSO will use automatic voltage control, on-load tap
changers and downline boosters.

Active Power (P)

------- ^

Reactive Power (C?) -------^

Overhead Line / Underground Cable

RJX

' Demand Load

Figure 3.1

In moving power from DGs to the demand loads, the transmission network
introduces both real and reactive losses [33; 34J. The real power losses arise because
of the resistance of the transmission line conductors. The reactive power nature of
transmission lines is associated with the geometry of the conductors themselves,
mainly the conductor radius, and the geometry of the conductor configuration, which
is the distances between each conductor and each conductor and ground. The reactive
power characteristic of transmission lines are complicated by their own inductive and
capacitive features. When there is little or no demand load on the network, the
capacitive characteristic of the line starts to dominate and the DGs and other
inductive reactive components on the network must absorb the capacitive reactive
power to maintain the network voltage within its limits as set by the DSO and not
allow the voltage to rise.
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3.1 The Distribution Feeder Characteristics
The opposite is true when the demand load is high, the inductive reactive
characteristic of the line starts to dominate and so the DCs, capacitors and other
capacitive reactive components on the network must produce the reactive power to
maintain the network voltage within its limits as set by the DSO and not allow the
voltage to fall.
This chapter discusses, with the aid of phasor diagrams, how load and
distributed generation alters the voltage, power and reactive power flows in a feeder.
The DSO ‘views’ the generation as it would a demand load on the grid and this is
reflected in how the DSO revenue meter records the export of watts and the export or
import of VARs by the generator to the grid. Each load and generation variation
discussed in this chapter has a table outlining how the generator is actually operating
and how the DSO perceives the generator to be operating. To understand voltage rise
it is important to go back to first principles and how a typical feeder behaves when
there is no DG present. A single feeder supplying a load at unity power factor is
discussed next.
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3.1.1 Feeder with Resistive Load Connected

3.1.1 Feeder with Resistive Load Connected
Figure 3.2 is a purely resistive feeder, connected to the grid and feeding a resistive
load [35].
Feeding
Substation

Figure 3.2

The resulting phasor diagram is as follows.

V,
Vun.- I

X

R

Figure 3.3

[3.11

There is no phase angle difference, all the phasors are in parallel as all
elements of the circuit are purely resistive. The voltage Vune is the voltage dropped
across the line and it is the difference between Vi and V2. Equation [3.1] shows that
if the load was increased in magnitude lyne would increase and the voltage at the load
V2 would reduce in magnitude due to the resistance of the feeder.
The following table outlines how the DSO meter would view the load. The
load is absorbing only watts from the grid.

-26

3.1.2 Feeder with Inductive Load Connected
Load Type

Resistive

DSO Meter

-1- Watts

[36]

0 VARs
Table 3.1

3.1.2 Feeder with Inductive Load Connected
If the load now became inductive, there would be a requirement from the grid to
supply both watts and now VARs to the load. The load is absorbing both watts and
VARs. The feeder also has an inductive element to it [35].

Feeding
Substation

Figure 3.4

The resulting phasor would be as follows in Figure 3.5 below. In this case Itoad
lune-

Figure 3.5

Note, the magnitude of the phasors are not to scale and are enlarged as a visual aid.
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3.1.3 Feeder with Capacitive Load Connected
The following table outlines how the DSO meter would view the load. The load is
absorbing both watts and VARs from the grid.

Load Type

Resistive / Inductive

DSO Meter

4-

[36]

+ VARs

Watts

Table 3.2

The voltage V2 is less than Vi due to the voltage drops across the line
resistive and reactive elements i.e. IR and IX. Viewing the phasor diagram above, it
is clear how these voltage reductions reduce the voltage present at the load, at the
end of the feeder.
With this type of load there are MWs and VARs flowing in the one direction
from the grid to the load. If the power factor of the load decreases, i.e. moved more
away from unity, for example from 0.95 to 0.92, the load would require more VARs
from the grid, which means the MVA or apparent element of the load increases
which also means more line current must flow in the feeder to supply this wattless
element, even though the active (MW) element has not increased. The voltage at the
load has now decreased. This is why inductive loads must be kept close to unity,
usually 0.95, so that less reactive current has to flow in the networks and the voltage
is kept as high as possible during peak load demand.

3.1.3 Feeder with Capacitive Load Connected
If the load now had a capacitive element as well as resistive, there would be a
requirement from the grid to supply only watts to the load. The load itself would be
exporting VARs to the grid, therefore the load is a generator of VARs and depending
on the magnitude, the voltage at the load may rise above the grid voltage Vi [37].
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3.1.3 Feeder with Capacitive Load Connected
Feeding
Substation

Figure 3.6

The resulting phasor would be as follows in Figure 3.7 below.

The following table outlines how the DSO meter would view the load. The load is
absorbing watts but is exporting VARs.

Load Type

Resistive / Capacitive

DSO Meter

+ Watts

[36]

-VARs
Table 3.3
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3.2.1 Synchronous Generator - Operating at Unity Power Factor

3.2

The Synchronous Generator Characteristics Introduction

The synchronous generator can operate at a lagging, unity and leading power factor.
This functionality can be a powerful aid in the mitigation of voltage rise on a
network. The three modes of power factor operation are outlined in the following
three headings.

3.2.1 Synchronous Generator - Operating at Unity Power
Factor
A synchronous generator operating at unity power factor is represented by the
following phasor diagram in Figure 3.8 138; 39]. Note the phasor diagram is based on
the output from the generator.

This generator is exporting watts only into the grid.
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3.2.3 Synchronous Generator - Operating at Leading Factor

3.2.2 Synchronous Generator - Operating at Lagging Power
A synchronous generator operating at a lagging power factor is represented by the
following phasor diagram in Figure 3.9 [38; 39; 40; 41]. Note the phasor diagram is
based on the output from the generator.

Figure 3.9

This generator is exporting VARs and watts into the grid.

3.2.3 Synchronous Generator - Operating at Leading Power
A synchronous generator operating at a leading power factor is represented by the
following phasor diagram in Figure 3.10 [34; 38; 39; 40; 41]. Note the phasor
diagram is based on the output from the generator.

^ No Lo.

This generator is absorbing VARs from the grid and exporting watts into the grid.
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3.3 DSO Requirement for Generation Operation

3.3

DSO Requirement for Generator Operation

It is a requirement of the DSO that generators connected to the distribution network
must operate in a leading power factor mode [2]. Some confusion arose with IPPs
interpreting what the DSOs meaning of leading power factor is, this confusion has
led to an amendment to the wording in the DSO Code.
From a generator’s point of view, a leading power factor means the machine
is exporting watts to the grid, but it is absorbing VARs from the grid. When a
generator is absorbing VARs, it aids in keep the voltage below the maximum
allowable voltage on the network. From the DSOs point of view, a leading power
factor means the exact opposite. The DSOs view is that a machine is operating at a
leading power factor if the machine is exporting both watts and VARs into the grid,
which will cause the network voltage to rise [2]. So, in the DSO code, the DSO has
stated now quite clearly that the generator must operate in a lagging power factor
between 0.92 and 0.95, which means the machine is exporting watts into the grid but
absorbing VARs.
This is a major point to note for this thesis, as the convention that will be used
from this point forward is the ‘generator’s point of view’ i.e. when the generator is
operating at a leading power factor it absorbs VARs from the grid.
Figure 3.11 below shows a DG operating with a leading power factor [42]. It is
absorbing VARs from the grid but it is exporting watts into the grid.

Feeding

Figure 3.11
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3.3 DSO Requirement for Generation Operation
Generator

Generator is operating with a Leading Power
Factor

DSO Perceived

Generator is operating with a Lagging Power

Generator Operation

Factor

[36]

+ Watts

- VARs
Table 3.4

Note: An induction generator operates at a leading power factor. A synchronous
generator can operate in a leading or lagging power factor.
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3.4.1 DG Operating at Unity Power Factor

3.4

DG Operation - Introduction

A synchronous generator can operate at a lagging, unity and leading power factor.
This functionality can be a powerful aid in the mitigation of voltage rise on a
network. The three modes of power factor operation are outlined in the following
three headings.

3.4.1 DG Operating at Unity Power Factor
A DG operating at unity power factor is now connected at the end of a purely
resistive feeder, and in parallel with a resistive load, as seen in Figure 3.12 below
[431.

Feeding
Substation

D(;

Figure 3.12

The resulting phasor diagram is as follows [36]

Vi = V:= Vc

ICcn

Figure 3.13

The purple phasor is representing the current, which is supplied from the generator,
loen- It is 180^ in the opposite direction to the load current, Itoad-
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3.4.1 DG Operating at Unity Power Factor
The load is absorbing active current from the grid and the generator is exporting
active current back into the grid. It is assumed here that Icen is equal to iLoad,
therefore the grid does not have to supply any current to the load, nor is the generator
exporting excess current back into the grid, therefore no current is flowing in the
feeder and so there is no voltage difference between V] and V2. The DSO meter
would view the generator as a very ‘efficient export customer’ as it is operating at
unity power factor. The DSO meter is regarding the generators export into the grid as
negative watts.

Generator Type

Unity Operation

DSO Meter

- Watts

[361

0 VARs
Table 3.5

If Icen exceeded iLoad then the excess current would flow back on the feeder
and into the grid. Therefore Icen is flowing in the feeder and so V2 will rise, as a
voltage rise is caused by the feeder resistance. If the demand load iLoad was increased
then it would absorb a portion of the generator current loen, therefore less loen would
be now flowing into the grid and so the voltage V2 will decrease once again.

V2= Voe.
V: = IcenRl

Figure 3.14

35

-

3.4.2 DG Operating with a Leading Power Factor

3.4.2 DG Operating with a Leading Power Factor
A DG operating at a leading power factor is now connected at the end of a feeder,
and adjacent to a resistive/inductive load, as seen in Figure 3.15 below. This method
of generator operation is required for all generators that are connected to the DSO
networks.

Feeding
Substation

DG

Figure 3.15

The resulting phasor diagram is as follows [36].

Figure 3.16

The phasor diagram is showing the load absorbing all the active current from
the generator and the remaining active load current requirement is supplied by the
grid.Both the generator and the load are absorbing VARs from the grid.
Note: V2 is smaller in magnitude than Vi. The DSO meter is regarding the generator
as exporting watts into the grid and absorbing VARs from the grid.
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3.4.2 DG Operating with a Leading Power Factor
Generator Type

Operating with a Leading Power
Factor

DSO Meter
[36]

- Watts
VARs
Table 3.6

The phasor diagram in Figure 3.17 below is displaying the generator not
supplying all the active power that the load requires; therefore the grid must supply
the remaining watts. Both the load and the generator are absorbing reactive current
(VARs) from the grid and so the voltage V2 is much less in magnitude than the
supply voltage Vi.

irien
Reaciivc
lmpt>rl

Figure 3.17

In Figure 3.18 below loen is now exporting into the grid, the watt requirement
of the load is supplied by the generator but the grid must still supply both the load
and the generators VARs. The voltage V2 has increased in magnitude because the
generator is now exporting watts into the grid [30]. V2 is still less than Vi because of
the absorption of the VARs.

locn

Figure 3.18
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3.4.2 DG Operating with a Leading Power Factor
Figure 3.19 below now shows a reduction in the absorption of VARs by both
the load and the generator. Because of this, the voltage drop has now reduced and V2
is almost equal in magnitude to Vi.

Icen
Reactive
Import

Figure 3.19

If both the generator and the load now stopped absorbing VARs from the grid
and became purely resistive, the phasor diagram in Figure 3.20 below would apply.
V2 is now larger in magnitude than Vi. Because the generator current is flowing in
the feeder back into the grid, there is now a voltage rise. To reduce the voltage rise,
the eSA of the feeder conductor should be increased so the resistance of the feeder is
smaller and so the voltage rise is less. If the generator was moved from the end of the
feeder to the start of the feeder, then there would be zero feeder resistance and so V1
= V2.

Ic.cn

V,

IloadAciive
IcenAciive

I Load

V,
^Gen Rl

Figure 3.20
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3.4.3 DG Operating with a Lagging Power Factor

3.4.3 DG Operating with a Lagging Power Factor
If the generator is now operated at a lagging power faetor, it is now exporting VARs
into the network [38].

Feeding
Substation

DG

Figure 3.21

In Figure 3.22 below, the generator is supplying the load with the exact
amount of VARs it requires and the load has no excess VARs to export in to the grid.
The generator is also supplying the watt requirement of the load, but the generator is
producing excess watts and so they are exported into the grid. Therefore V2 is greater
than Vi.

locn

lloadAcuve

Reaclivt

*L()ad Reactive

Expcwi

Figure 3.22

If the generator now starts to produce more VARs, then both watts and VARs
will now be exported into the grid. This will now cause voltage V2 to rise, as can be
seen in Figure 3.23.
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Figure 3.23

If a system operator wishes to increase the voltage of V2, one option is to
increase the watt output of the generator, and note the magnitude of the VAR output
has not increased in Figure 3.24 below.

V,
tocii

jf ^Load Reactive

Reactive

V.

iLine ^toial ^
^Line

Export

Figure 3.24

Again, to increase the voltage of V2, another option is to increase the VAR
output of the generator, and note the magnitude of the watt output has not increased
in Figure 3.25 below.

^Load Rl

Figure 3.25
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3.5

Methods of Calculating the Voltage Rise

Masters, C.L. (2002) outlines the basic principals of voltage drop on a feeder with
demand import customers only connected [1]. Figure 3.26 gives an overview of the
typical electrical characteristics of this type of feeder and demand load.

Active Power (P)
Reactive Power (0

Overhead Line / Underground Cable
RJX

V Substal;

Figure 3.26

Equation |3.2] determines what the voltage drop will be.

AV =VSubstation -VDemandLoad

RP + XQ
VSubstation

[3.2]

Masters, C.L. (2002) then outlines the following method of caleulating
voltage rise when a DG is connected to the feeder [1]. Figure 3.27 gives an overview
of the typical electrical characteristics of this type of feeder and a DG attached.
When a DG is connected to the feeder and exporting, the DG will immediately alter
the flow of power and the voltage profile on the feeder and adjoining networks. To
enable the DG to export its power, it will have to operate at a higher voltage than the
primary substation it is connected to, unless it is able to absorb a large quantity of
reactive power. As stated, the X/R ratio of a 38 kV feeder (overhead line) tends to be
low, so therefore RP and XQ cannot be ignored. The XQ term may be positive or
negative depending on whether the DG is importing or exporting reactive power.
However the size of the reactive power is small compared to that of the power,
therefore the RP and XQ is usually positive.
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So therefore the voltage at the point of common coupling with the DG to the feeder
will rise above the voltage at the primary feeding substation.

Overhead Line / Underground Cable

M-------^

RJX

Active Power (P)
Reactive Power (Q)

Figure 3.27

Equation 13.3] determines what the voltage rise will be.

XV' = V
* DG -V
* Siibsiation

RP^XQ
VDG

[3.31

Representation of the short transmission line (up to 80 km) is shown in Figure
3.28 134; 40; 43; 44; 45]. Vouos, Panagisn (2006), proposes the following as a
method of determining the voltage rise [23].

Feeding
Substation

DG

Figure 3.28

Equation [3.4] is used to approximate the voltage drop AV across the line.
V,-V^=AV = (RP) + (XQ)
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3.5 Methods of Calculating the Voltage Rise
Note that P and Q are the active and reactive power exported from the DG to the
feeding substation. Any change in the real power P will cause a change in the
magnitude of the voltage. This can be seen especially with weak feeders where the
line resistance is high compared to its reactance.
When using the method of power factor control, the P/Q ratio is maintained
constant, so Qa follows Pg proportionally in magnitude, this in turn tends to enlarge
the voltage variation. This is why voltage rise has such a constraint on the size and
quantity of DGs that can be connected to a network, and this is more evident on weak
rural networks. In Figure 3.28 it is shown that Qg flowing in one direction only,
which is out from the DG. This must be bidirectional with all turbine types connected
to the distribution network. Another piece of plant, which is now included in Figure
3.29 is a reactive compensator Qc, in rural weak networks this is usually a capacitor
bank that aids in the raising of voltage.
Liew, S. N. and Strbac, G. (2002) have again used similar mathematical
techniques, to determine the voltage rise they included a reactive compensator to aid
in the control of the network voltage [291.

Feeding
Substation

DG

Figure 3.29

Equation [3.51 is used to determine the voltage at the busbar V2.

^2

~ ^1

[^Line i^Gen ~ ^Load )]'^
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3.5 Methods of Calculating the Voltage Rise
Equation [3.5] can be used to qualitatively analyse the relationship between the
voltage at busbar V2 and the quantity of DG that can be connected to the DN at
minimum demand load. This equation also shows how influential all elements are in
contributing to the voltage level seen on the network. If it is assumed that the
demand load is zero and the DG is at its maximum, this scenario will highlight the
maximum voltage rise. Assuming this scenario

/’w=o
f'aen =

It is also assumed that the power factor is 0, therefore
(

Qcen

O'Compensator )

^

The equation now becomes
^2 ~

\.^Une ^ ^Gen ~ ^Load

)] “*”

(— Qcen ~ QlMad — QCompensator

)J

''2 =v',+k,„te'' -o)J+[x„„(o)l
'^2 = v', + k,„te'')]
V -V’^1 - R Line V Gen ))

v,-v,
Gen

pMAX
Gen

R Line

^ V

-K
R.
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3.5 Methods of Calculating the Voltage Rise
While the DG is operating at unity power factor, the value of the line
reactance X is not relevant; it is the real part of the network impedance R that
determines the amount of generation that can be connected. The resistance is
constant and is determine by the CSA of each feeder.
In the past, DG output was based on constant power factor but DSOs are now
requesting that DG’s power factor can be altered on request to aid in the voltage
control of the network. DSOs have realised that the ability to control the reactive
flows to and from a DG has a major impact on the amount of DG that can be
connected to that network. If the reactive power is absorbed from the network, then
the amount of DG that can be connected is increased and can be determined as
follows.

^2 ==

“ Pu>ad )] +

Une

(± Qcen " Qu.ad ± Q Compensator

)J

1^2 = v', +[k,.JpcT -o)]+h,,,„,(±!2„„
V'2 “V, +[K^,,(p"f)J+[x(±2,
v'2 -v', =

p MAX
Gen

)]+hi,>,.(±Gta^J]
_ v,-v,
'2
1 I
R.

,

R.

Van Zyl, Stuart and Gaunt, C.T. (2005) try to determine what the effect of the
DG would be a certain distance along a feeder [24]. This is no longer assuming the
DG unit is positioned at the end of a feeder. With this method, many assumptions
have been made and limitations to the method are outlined below. It is now apparent
that the R and X values of the network have a major bearing on the voltage, therefore
the length and type of the network conductor must be determined.
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Feeding
Substation

DG

Figure 3.30

Figure 3.30 shows a straightforward connection of a DG to a feeder but in a more
practical situation the DG would be placed between loads and loads would be spread
along the network, as shown in Figure 3.31.

Figure 3.31

To determine Equation [3.7] the following is assumed
•

The voltage at the feeding substation is at a set-point

•

The demand load is spread out evenly along the feeder

•

The demand load and the DG are connected directly onto the feeder

•

The conductor type of the feeder is uniform throughout.

yMa.x
(yMa.x _yV
^ Line ^ V Line
^ Sei
Setpo int
f^Une Xd

Sune

X

2xL

cos ^ +

■xsin (j)
V

X

’^Qdg

^ Line

[3.7]
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- Maximum voltage allowed on the network, as determined by the DSO
Vselnomi
Setpo int = Voltage that is set at the feeding substation, busbar Vj
^une +

Line = The per unit length impedance of the network

^Line ^0- Total apparent load power on the network
= Total reactive power from the DG in to the network

Equation [3.7] can be viewed in three parts

1/

Max

^ / IM

(y Ma-x _ y
V Line
^ .Setpo int
f^Line

-xsin (j)

COS ^z) +

2xL

Ru

J}

Ru

xQr

The following is an explanation of the three parts of the equation
Part 1: No Load
The load on the feeder is not part of this section of the equation. It is only dealing
with the maximum allowable voltage rise, the conductor resistance and length of
conductor involved.
Part 2: With Load
This is a load that is linear with respect to d and it takes into account and varies with
•

Load magnitude

•

Location i.e. distances of the DG and the load from each other and the
feeding substation as well as the total length of the feeder

•

The power factor of the feeder

•

The X/R relationship of the feeder

Part 3: DG Reactive Power
This is the reactive power part of the DG. It is constant with respect to d. It will vary
by both the reactance of the feeder and the reactive power of the DG itself.
Thee voltage rise phenomenon can be easily explained by using Equation [3.7] and
making the following assumptions;
Assume the demand load on the network is zero, this means that Part 2: With Load
of the equation now becomes 0, and so it can be ignored.
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Assume the DG is operating at unity power factor, this means that there is no
reactive power associated with the DG, therefore Qdg is 0, therefore Part 3: DG
Reactive Power of the equation now becomes 0.
This now means that the amount of DG that can be connected to the feeder is
V

determined entirely by Part 1: No Load

=

^ Line

X (v
V Line

—V
^ Setpo int

i

I

section of the

equation. Because it is common to use high resistance type conductors in rural
networks, Rune is large. It is also quite common for rural networks to be long and the
DG being connected great distances from the feeding substation, which increases d.
Because Rune and d aie so large, when they are multiplied together and divided into
the top line of the equation, they greatly reduce the amount of DG that can be
connected with little or no load demand on the feeder, and the DG operating at unity
power factor.
Assuming the DG is operating with a lagging power factor, the phasor
diagram in Figure 3.32 below applies [35; 37; 38; 46]. This phasor diagram can be
utilised to determine an equation that will be used from this point forward in the
thesis as a method of determining the voltage rise in the network. To determine what
Vqg is for a given network impedance and generator output, the phasor diagram must
be expanded as shown in Figure 3.32.

Figure 3.32
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The final equation, Equation [3.8] is shown below

Vdc = ^|(v,

cos^ + /y + (v, sin ^

Xf

Vj — -^(Vj cos^+/^yy/?pyy) + (v, sin

or

[3.8]

)

The overall equation is based on Equation [3.9]
[3.9]

Hyp ^ = adj^ + opp ^

Another method of mathematically representing the above phasor diagram is
as follows [34; 46|.
Note: this method will be proven not to be very accurate in determining exact
quantities.

Vi can be represented by Equation [3.10].
Vj

=yl{v + Avy +{SvY

[3.10]

={v + RICos(p + XlSin^f + {XICos(/) - RlSin^f
2

y1

_

^ RVICos(l) + IVXSin(l>f , [XVICos(l)-RVlSin(l>y
+ •

V

V
y

vr = v + — +
V

V )

-t-
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Therefore
AV =

RP + XQ
V
and

dV =

XP-RQ
V

A DSO will be asked how much generation can be connected to a particular
network without breaching the 43.0 kV maximum threshold. The resistive element of
the DN can be the dominating factor that dictates what the voltage rise will be, so
therefore Equation [3.11] can be used as a ‘rule of thumb’.

V
R

DN MAX

[3.1

VMax Allowable -V
^ Sub

43000-41600
^DN

1400
R DN

But to accurately determine what the maximum generation is Equation [3.8]
must be explored further.

V2 = (v, co^(/)+IR^^ y + (v, Sin(^ + I^^x

f

To help simplify the derivation the power factor of the DG is set to unity.

V, =

cosO" + /„/?„« f+{v, sin0“ +

V, = V(v',

Y +(v, xo+/„„
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^^\^dn^dn -^^dn^dn ^^dn^dn

+ /„« (V,R„« + K,R„J+

+ ilA

= /o«(V',«» +V',«»)+/Lfe +^cJ
Cfe

+V',«oJ + V'^o' -V',' =0

[3.12]

The only unknown part in Equation [3.12] is Idn- When all other known values are
entered and calculated the equation will become the following quadratic equation.

{number) +1{number) + number = 0

To determine what T’ actually is, Equation [3.13] must be utilised

b ± ylb^ —4xaxe

[3.13]

^ DN

2xa
■b±ylb~ —4xaxc
VsR,=

2xa

The voltage can also be determined by using Equation [3.13].
The DSO requirement is that all generators connected to the distribution
network operate with a leading power factor [2]. Therefore, when the generator is
operating at a leading power factor Equation [3.14] can be utilised.

K, = ^(v’, cos^+I,„R,, r +(V', sin<!»-/o„X„J"
or

^nc ~

) ’l'(V5yj, sin

[3.14]
)

Figure 3.34 is a phasor diagram of a generator operating at a leading power factor.
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Figure 3.34

3.6

Chapter Summary

This chapter commenced by outlining three eritical studies a DSO planner must carry
out to ensure the standard of supply to all customers is not breached. It is maximum
generation and minimum system demand that highlights if a voltage rise issue will
result from the introduction of the DG. A typical distribution feeder characteristic
was then discussed. There are resistive and reactive elements to the feeder, which
combine to give the line impedanee. With only demand load and no DG connected to
the feeder, there is a natural voltage drop along the feeder.
Three examples of different types of load connected to a typical feeder were
discussed with the aid of phasor diagrams. The first example was of a resistive load
connected to a resistive type feeder. It was concluded that the receiving end voltage
was lower than the sending end due to the voltage drop in the feeder. It was shown in
the phasor diagrams that there was no phase angle difference between the phasors.
The second example had an inductive load connected again at the end of a
typical feeder. It was clear from the phasor diagram that the receiving end voltage
lagged the sending end voltage and it was also smaller in magnitude due to the
voltage drop on the feeder.
The third example had a capacitive load connected to a typical feeder. It was
shown from the phasor diagram that it may be possible to increase the magnitude of
the receiving end voltage up to the same magnitude as the sending end voltage or
even increase beyond it. The chapter then outlined the behavior of a synchronous
generator operating at unity, lagging and leading power factors. The DSO
interpretation of a generators power factor was discussed and verified.
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It was stated that the DSO requires a DG to ‘normally’ operate at a leading power
factor, which means the DG must absorb VARs and aid in the reduction of voltage
rise. The DG may also be required to operate in a lagging power factor and export
VARs on request from the DSO. To demonstrate this, a DG and a demand load were
connected to a busbar at the end of a typical feeder. The DG was operated and
reviewed in three stages, operating at unity power factor, operating at a leading
power factor and operating at a lagging power factor. Phasor diagrams clearly outline
how the voltage on the network behaves through the varying output of the DG.
Mathematical methods of calculating the voltage rise by various authors were
discussed and this thesis concludes with the following equation, which gives the
most accurate results matching the computer software simulator.

V2 = yj(v, COS^ + /)"

+ (v, sin ^

X)“

[3.8]

-V',^ =0

13.121

The equation was further broken to the following

+

which gives a quadratic equation. This allows an accurate determination of the
quantity of generation that can be connected to a feeder.
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Chapter 4
Methods of Voltage Rise Mitigation
The DSO will always want the best technically acceptable method to mitigate
voltage rise on the network. The simpler the method the better for the DSO
operators, as the intricateness of the operation of the network is reduced and so fewer
operational mistakes will be made. Mistakes can lead to the voltage supplied to the
customer being outside standard or even loss of supply to the customer. But the
simplest method of mitigation can turn out to be the most expensive method. On the
other hand the IPP wants to connect the DG to the grid and wants to do so with the
least cost method. And this is where an adjudicator, the CER has to ensure that a fair
balance is met for both the DSO and the IPP [4].
The voltage rise issue is one of the main barriers for the limit put on the
quantity of DG that can be accepted on to each particular network. A DG project can
fail to get from planning to construction due to the cost of the requirements that must
be in place to ensure voltage rise is not an issue on the network. That is why
continuous research at a huge scale is on going by DSOs, developers, colleges, etc.,
to see what methods can be used to allow DGs to be connected to the network and
what mixture of these methods can be utilised to mitigate such an issue as voltage
rise. This chapter discusses and analyses the possible methods that may be used to
mitigate voltage rise on a network. These methods include
•

Utilising the Distributed Generator [1; 8; 20; 23; 33; 47J

•

The Feeder Conductor CSA [8; 27J

•

Downline Autotransformer with OLTC [1]

•

Limiting the Distributed Generator Export [1; 3]

•

Adjusting the Primary Substation Voltage [1; 20; 33]

•

Shunt Reactance [27; 33; 48]

•

Construct a New Dedicated Feeder [8]
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4.1

Utilising the Distributed Generator

A generator’s function is to convert mechanical energy into electric power.
Generators are limited by their current carrying capability [33]. At near rated voltage
this capability becomes an MV A limit for the armature of the generator rather than a
MW limitation. The DG itself can play a huge role in the voltage rise phenomenon.
Two types of generator are discussed here, the synchronous generator and the
induction generator and both can interact differently with the DN they are connected
to [431.
Synchronous generators can generate or produce active and reactive energy
autonomously [9; 25; 34]. This generator has a larger impact on voltage stability than
an induction generator because of its ability to inject reactive power into the network
with a lagging power factor, and absorb reactive power from the network with a
leading power factor. A component called “exciter” enables the synchronous
generator to generate its own reactive energy.
The impact of induction generators is less serious than synchronous
generators in terms of voltage rise [25]. They absorb reactive power rather than
generate it out on to the network ]9]. Induction generators are not self-exciting,
meaning they require an external supply to produce a rotating magnetic flux [351. If
the rotor turns slower than the rate of the rotating flux, the machine acts like an
induction motor. If the rotor is turned faster, it acts like a generator, producing power
at the synchronous frequency. Driven by the turbine with positive slip, the motor acts
as a generator feeding power into the grid.
To raise the network voltage, a synchronous generator must produce reactive
power and this requires increasing the magnetic field, which raises the generators
terminal voltage, but increasing the magnetic field requires increasing the current in
the rotating field winding [23; 33]. This field has a current limit and so can only be
‘pushed’ so far. The generator is now operating with a lagging power factor. To
lower the network voltage the generator must absorb reactive power from the
network and this is limited by the magnetic flux pattern in the stator, which can result
in the overheating of the stator end iron and exceed the core end temperature limit.
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The synchronising torque is reduced when absorbing large amounts of reactive
power, which if exceeded, can result in the generator losing synchronism with the
grid. The generator is now operating with a leading power factor.
To demonstrate that the generator is capable of altering the network voltage
and does so in a controlled and calculable way, the following study was carried out
on the ERACS computer program. All results concluded in the study are
corroborated by the proceeding phasor diagrams and mathematical analysis. The
following is an example of an 8.0 MW DG connected at one end of a rural 38 kV
feeder, which is 50 km in length and the receiving end is a 110 kV substation with
two 110/38 kV 31.5 MVA transformers connected in parallel. The conductor size of
the feeder is 100 mm“. The resistance and reactance of the feeder is 0.373
Q/Phase/km and 0.392 Q/Phase/km respectively.
Figure 4.1 is a print out from the electrical power analysis software, ERACS.

pV: 1.001 pu
V: 41.629 kV

pV: 1 0 pu
V: llO.OkV
AV: 7.46 ‘

Figure 4.1

Unity Power Factor
The DG is set to export 8.0 MW at unity power factor. The voltage at the 38 kV
busbar at the 110 kV substation is set to 41.6 kV. It can be clearly seen from the
software that the voltage on the 38 kV feeder, i.e. at the 38 kV substation busbar, has
exceeded the 43.0 kV limit, to 43.556 kV. This can be proven mathematically as
follows.
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The following phasor diagram applies when the DG is operating at unity
power factor,

The power being exported from the DG is 8.0 MW, therefore the current is
calculated as follows using Equation [4.1].
[4.

V3XKSuh
^ DN ~

8.0MVA
V3x41.6y^V

In some computer analysis software, ERACS being one such package, the
voltage used to determine the Ion is the voltage rise that is calculated. In other
packages, such as SynerGEE, the current is calculated by the voltage at the busbar
(41.6 kV) at the receiving end substation. For this thesis, the voltage used is the
voltage at the busbar (41.6 kV) at the receiving end substation. It can be seen in the
ERACS network that the current flowing is 106 A. Using Equation [3.81 the voltage
at the DG can be determined.
^DC

=

'sji^Suh

^DN^DN )'

^DN^ DN )

[3-8]

V(41600xl.0 + 11 lx(0.373^1x50^^m))“ +(41600x0 + 11 lx(0.392ax50/:m))= 43.125 kV

Therefore the voltage difference is
AU =43725-43556 = 169 U
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If this calculation were recalculated with the DG terminal voltage now at 43725, the
current would now become
8.0MVA
-105.6A
V3x 43725 V

which now matches the current as displayed in the ERACS network. Using this
current, the DG terminal voltage now becomes

V/,c = ^(41600xl.0 + 105.6x(0.373ax50^m))‘ + (41600x0 + 105.6x(0.392ax50/:m))'
V„c =43.619/tv

Therefore, the voltage difference is
AV =43619-43556 = 63V

Therefore, by repeating the calculation it is possible to refine the final answer.

0.95 Power Factor Leading
The DG is set to export 8.0 MW at 0.95 power factor leading. As discussed earlier,
the voltage at the DG 38 kV PCC is expected to be smaller than that when the DG
was operating at unity power factor. It is a requirement of the DSO that DG’s operate
at 0.95 power factor leading.
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pV; 0.999 pu
V: 41.556 kV

pV: 1.0 pu
V: 110.0 kV
AV: 7.093 ‘

Figure 4.3

It can be clearly seen from the software that the voltage on the 38 kV feeder,
i.e. at the 38 kV substation busbar, has dropped below the 43.0 kV limit, to 42.782
kV and has dropped below the voltage that was recorded and calculated when the
DG was operating at unity power factor. The DG is operating at 0.95 power factor,
therefore the following phasor diagram applies.

The power being exported from the DG is 8.0 MW, -2.629 MVAR, therefore the
current is calculated as follows.

[4.
Sub

,

8.421M\/A
------------ = 116 A
43x4\.6kV
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It can be seen in the ERACS network that the current flowing is 114 A. This is 4 A
more than when the DG was operating at 0.95 power factor lagging.
=

y

f

VCOS + (v,,, sin(/)-I^^X

[3.14]

=-yj(4m0x0.95 + \\6x{0313ax50km)Y +{4m0x0.3\2-ll6x{0.392Qx50km)y
= 43.050

Therefore the voltage difference is
A V =43050-42782 = 268 V

Re-calculating with the DG terminal voltage now at 43050, the current would now
become
8.42 IMVA
= 113A
V3x 43050 V

Using this current, the DG terminal voltage now becomes
V^,; = 7(41600x0.95 + 113x(0.373ax50/:m))^-H(41600x0.312-113x(0.392ax50/:m))'
V^c =42.998 A: V

Therefore the voltage difference is
AV =42998-42782 = 216 V
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0.95 Power Factor Lagging
The DG is set to export 8.0 MW at 0.95 power factor lagging. As discussed earlier,
the voltage at the DG 38 kV point of common coupling is expected to be larger than
that when the DG was operating at unity power factor. It is not common that a DG
operates at 0.95 power factor lagging, but the DSO and TSO are now requiring that
DG units can now operate at lagging power factor.

pV: 1.002 pu
V 41.699 kV

pV: 1.0 pu
V: 110.0 kV
AV: 7.927*

Figure 4.5

It can be clearly seen from the software that the voltage on the 38 kV feeder,
i.e. at the 38 kV substation busbar, has exceed the 43.0 kV limit, to 44.294 kV and
has risen above the voltage that was recorded and calculated when the DG was
operating at unity power factor. The DG is operating at 0.95 power factor, therefore
the following phasor diagram applies.

Figure 4.6
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The power being exported from the DG is 8.0 MW, 2.629 MVAR, therefore the
current is calculated as follows.
VA
V3xV,Sub
,
/n»,

[4.1]

8.421 MVA
,,,,
------------ = 116 A
V3x41.6^V

It can be seen in the ERACS network that the current flowing is 110 A.
^2

=

V(^I COS^)^ + (v, sin^+/Xf

[3.8]

=^(41600x0.95 + 116x(0.373r2x50^w))^+(41600x0.312 + 116x(0.392f2x50/tm))'
=44.41 UT

Therefore, the voltage difference is
AV =44411-44294 = 1171/

Re-calculating with the DG terminal voltage now at 44411, the current would now
become
8.42 IMVA
= 109.4 A
V3x44411V

which now matches the current as displayed in the ERACS network. Using this
current, the DG terminal voltage now becomes
=

V(41600x0.95 + 109.4x(0.373ax50/:m)f + (41600x0.312 +109.4x(0.392ax50^m))'
= ^4.232 kV

Therefore, the voltage difference is
AV =44294-44232 = 62 V
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4.2 The Feeder Conductor CSA
The following can be concluded from the study on the DG
Power Factor

Voltage (kV)

0.95 Lagging

44.294

Unity

43.556

0.95 Leading

42.782

Table 4.1

With the worst case scenario, i.e. no load and maximum generation on the feeder, the
8.0 MW DG can only be connected to the network if the DG can operate at 0.95
leading power factor.
There is a full voltage variation of 44.294 - 42.782 = 1.312 kV at the point of
common coupling, which is at the 38 kV busbar located at the DG substation. This
highlights that it is critical that DGs can control their operating power factor.

4.2

The Feeder Conductor CSA

Outline
As discussed previously in section 3.5, the size of the conductor contributes to the
voltage rise phenomenon. [29] analysis is based on Equation 13.51.

1^2='^,+

{Po„ - /'W

)] + U., (± Qoe. -

± GCompensator )|

[3.5]

And assuming the power factor is 0, it was concluded that as a rule of thumb
Equation [3.5] could be simplified to Equation [3.6].

p MAX

^

^Gen

~

-V,

[3.6]

Throughout the analysis, the resistance of the network has a major influence.
It is acknowledged that increasing the CSA of the feeder conductor would aid in the
reduction of voltage rise and also raise the maximum limit of DG that can be
connected to the feeder.
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4.2 The Feeder Conductor CSA
This method of voltage rise reduction can often be favoured by DSOs
because when the DG is connected and feeding, the DN has not changed much in
appearance or operationally. The connection of the DG to the network does not
introduce additional voltage control equipment and so, the operational methods of
the network remain largely unchanged.
Therefore, in theory, replacing conductors is a good way of reducing voltage
rise. But it can turn out to be very expensive financially. Replacing or upgrading DN
conductors will also involve the crossing of the lands of third parties. Landowners
may have seasonal crops growing and so the conductors on particular networks may
only be upgraded when the crops have been harvested. Upgrading in the winter has
its own problems as the land is wet and can more easily get damaged.
Also in the wintertime, the DSO and TSO are less likely to allow a planned
outage of a feeder to go ahead as the feeders are at their max loading during the
winter months in Ireland and they can be reluctant to allow feeders to be back fed
over a long duration to accommodate the outage of a feeder being upgraded [49].
To demonstrate that altering the size of the feeder conductor cross sectional
area is capable of altering the network voltage and does so in a controlled and
calculable way, the following study was carried out on the ERACS computer
program. All results concluded in the study are corroborated by the proceeding
phasor diagrams and mathematical analysis. The following is an example of an 8.0
MW DG connected at one end of a rural 38 kV feeder, which is 50 km in length and
the receiving end is a 110 kV substation with two 110/38 kV 31.5 MVA transformers
connected in parallel. The conductor size of the feeder is 100 mm^.
Figure 4.7 is a print out from the electrical power analysis software, ERACS.
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4.2 The Feeder Conductor CSA
DG Operating at Unity Power Factor

100

SCA Conductor

pV: 1 001 pu
V: 41.629 kV

pV: 1.0 pu
V: 110.0 kV
AV: 7.46*

Figure 4.7

The impedance of the conductor is as follows
R = 0.3130.1 km
X =0.39201 km

This study has been completed in Chapter 4. Refer to section 4.] Utilising the
Distributed Generator, Unity Power Factor.

300 mm^ SCA Conductor
The overhead line conductor is now upgraded from 100 mm 2 to 300 mm 2 , and the
same tests repeated.

pV: 1.001 pu
V: 41.63 kV

Figure 4.8
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pV: 1.0 pu
V: 110.0 kV
AV: 7.551 *

4.2 The Feeder Conductor CSA
The impedance of the conductor is as follows
R = 0.122Q/ km
X = 0.3^60./ km

The DG is set to export 8.0 MW at unity power factor lagging. The voltage at
the 38 kV busbar at the 110 kV substation is set to 41.6 kV. It can be clearly seen
from the software that the voltage on the 38 kV feeder, i.e. at the 38 kV substation
busbar, has not exceeded the 43.0 kV limit, and is limited to 42.244 kV. This can be
proven mathematically as follows.
I'he DG is still operating at unity power factor.
V, = V(^, cos(/> + l,,R^J+{V,

13.8J

= 7(41600x1.0 + 107x(0.122nx50ii'm)f+(41600x0 +107x(0.386ax50^'m))‘
Vj =42.332itV

Therefore the voltage difference is
A V =42332-42244 = 881^

If this calculation were recalculated with the DG terminal voltage now at 42332, the
current would now become
,
8.0MV4
>DN=—-------------= 109 A
73x423321/

which now matches the current as displayed in the ERACS network. Using this
current, the DG terminal voltage now becomes
=7(41600x1.0 +109x(0.122ax50ytm)f+(41600x0 +109x(0.386f2x50^w)f
=42.318/:U

Therefore the voltage difference is
AT =42318-42244 = 74V

Therefore by repeating the calculation it is possible to refine the final answer.
- 66 -

4.2 The Feeder Conductor CSA
Comparing the voltage rise reduction from the 100 mm^ to the 300 mm“
upgrade, it is quite clear that an increase in conductor size and the consequential
reduction in the resistance, the voltage dropped approximately 1.312 kV.
lOOmm^ =43.556i^V
300mm^ =42.244y^V

DG Operating at 0.95 Lagging Power Factor

100 mm SCA Conductor

pV: 1.002 pti
V 41.699 kV

pV: 1.0 pu
V: llO.OkV
AV: 7.927*

Figure 4.9

It can be seen from Figure 4.9 that the voltage is above the voltage maximum limit.

300 mm SCA Conductor
The study was repeated with the conductor now increased to 300 mm'

pV: 1.002 pu
V: 41.7 kV

Figure 4.10
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pV: 1.0 pu
V: 110.0 kV
AV: 8.026 *

4.2 The Feeder Conductor CSA
The voltage is now on the threshold of the maximum allowable limit, but it is enough
to satisfy the DSO requirements. The DG is now operating at 0.95 power factor
lagging, therefore the following phasor diagram applies.

Figure 4.11

The power being exported from the DG is 8.0 MW, 2.629 MVAR, therefore the
current is calculated as follows
[4..1

""

v3xV,Suh
,

8.421 Ml/A
yj3x4l.6kV

It can be seen in the ERACS network that the current flowing is 113 A.
^DG

~

'yj^Sub

DN^DN )' '^i^Sub

^DN^ DN

)

[3.8]

- V(41600x0.95 + 1 16x(0.122 (Tx50+(41600x0.312 + 116x{0.386ax50/tm))'
= ^3.009 kV

Re-calculating with the DG terminal voltage now at 43009, the current would now
become
,

^ DN -

8.421MVA

~r----------------

,,,,

= 113 A

V3x 43009 V

Using this current, the DG terminal voltage now becomes
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= V(41600x0.95 + 113x(0.122ax50M)'+(41600x0.312 + 113x(0.386ax50)tm))^
= 42.972 kV

Therefore the voltage difference is
AV =43009-42996 = 13T

The following are the results from the study on the DG following the increase in size
of the CSA of the feeder conductor from 100 mm^ to 300 mm^.

Conductor

Unity Power Factor

0.95

Power

Factor

Lagging
100 mm^

43.556 kV

44.294 kV

300 mm“

42.344 kV

43.009 kV
Table 4.2

It can be clearly seen that the resistance of the conductor has a huge influence in
limiting the voltage rise.

4.3

Downline Autotransformer with OLTC

Outline
In Ireland a downline autotransformer with OLTC can be called a voltage regulator
or a booster, even though the transformer is bucking and not boosting the voltage. It
is called ‘downline’ as it is placed on the feeder at the primary feeding substation or
at a substation on the DN itself [IJ. To enable the autotransformer to regulate the
voltage it must have an on load tap changer (OLTC). This autotransformer has a
voltage ratio of 1:1.
In three phase Y-Y connected power autotransformers an additional delta
connected winding is used to take care of zero sequence currents (for unbalanced
systems), and third harmonic currents.
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4.3 Downline Autotransformer with OLTC

R

Different taps on the winding correspond to different voltages. As shown in
Figure 4.12, in a step-down transformer the source is connected across the entire
winding, while the load is connected by a tap across only a portion of the winding. In
a step-up transformer, conversely, the load is attached across the full winding while
the source is connected to a tap across a portion of the winding.
Placing an autotransformer in a DN can be compared to a regular three phase
power transformer in a substation, there is a primary and secondary voltage as the
network is split into two sections. One section will be regulated by the common
regulating voltage control equipment and the other section by the autotransformer
itself. Autotransformers are not common on the Irish distribution network but this is
due partly to little or no DG being present, as the levels of DG is increasing
autotransformers are becoming more common.
The original autotransformers that were installed were only unidirectional but
the power flow in DNs are now bidirectional. This called for an overhaul and
redesign of the monitoring and control features of downline autotransformers. During
the initial studies of the network, the DSO must analyse the effect of having an
autotransformer in circuit and how the system voltages behave under all the worst
case operating scenarios.
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4.3 Downline Autotransformer with OLTC
The effect of the autotransformer on the line loading must also be taken into
account as it may increase the flow of reactive power in the network, the
autotransformer is effectively a large coil which is inductive, and so inductive
reactance can become an issue. High transformer impedance values place a
correspondingly high reactive power demand on the supply system. VARs have to be
supplied mainly from generators at peak load time through the transmission system
[50]. For example a 20 MVA 20% impedance transformer has a full load VAR
demand of 4.0 MVAR. Taking a 20 MVA load with a power factor of 0.9, the
transformer VAR requirement would bring the total demand on the supply system to
22 MVA. For a 10% load the equivalent demand would be 21 MVA. The extra
demand uses up capacity in the transmission system, especially in the 110 kV and 38
kV networks.
There is a corresponding increase in losses in the supply system mainly the
110 kV networks. Based on the examples above, there would be a 5% increase in
load for a 20% transformer impedance over a 10% unit. This would translate into a
10% increase in network losses relative to those for the load. Of course, this relative
percentage varies with the level of loading but the losses attributed to the transformer
requirements are doubled for a doubling of the transformer impedance value.
Transformer voltage drops are increased for higher impedances. The voltage
drop across a 20% impedance transformer at rated load would be about 12% and for
a 10% transformer approximately 8%. This voltage drop adds to that in the supply
network. It has to be compensated by tapping up the transformer, and the higher
impedance transformers require wide tapping ranges for this reason. This voltage
drop is a help when dealing with voltage rise from DG exporting in to the network
but a DG will not always be exporting, especially when the DG is a wind turbine and
the wind is not blowing, the DSO must still supply the customer with voltage within
the allowable limit. This will mean tapping up the supply substation transformers
even more than what they did prior to the DG being connected as the voltage drop,
due to the autotransformer now being in circuit, must be compensated for. This
makes the study of dealing with voltage rise more complex for the DSO. When
impedance is added to the system or when higher impedance transformers are
connected, voltage stability is reduced.
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4.3 Downline Autotransformer with OLTC
As the load on the network changes through its daily load cycle there is a
great range of voltage variation and so transformers on the network must perform
more tap changes. The impedance of the network is changed and the short circuit
levels are reduced, efforts are generally made to raise short circuit levels on the
networks to accommodate disturbing loads, the lower the impedance of the network
the easier this is.
The DSO must also consider how the autotransformer will affect the DN
security, as it is now another factor of unreliability on the network. The DSO must
also consider the difficulties of switching and general operational control of the
network. The autotiansformer must be ‘least cost’ for the developer who wants to
connect the DG but it must also be ‘technically acceptable’ for the DSO. The DSO
does not want to introduce operational traps on the network, which can lead to non
standard voltage at the customers or even loss of supply.
The following is a study that was carried out on a sample 38 kV network in
ERACS. In Figure 4.13 below a 1:1 autotransformer has been installed at the 38 kV
substation where the point of common coupling is between the DG and the utility.

pV: 1.001 pu
V: 41 623kV

It can be seen in Figure 4.13 that the autotransformer is not reducing the voltage by
any significant amount and the voltage is still over the maximum allowable limit
(43.487 kV). The analysing software package that was used for this study is unable
to perform accurate modeling with no load attached to the feeder.
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4.4 Limiting the Distributed Generator Export
It can be seen in Chapter 5, that the autotransformer behaves correctly when
demand load is present. Figure 4.13 is included as a visual aid to only show the
location of the autotransformer. The 50 km network parameters have not changed, it
is constructed with 100 mm^ conductor with the same resistive, inductive and
capacitive characteristics the same as previous studies. The ‘Case Study’ chapter in
this thesis will demonstrate where an autotransformer has been installed for lowering
the 38 kV voltage due to a large penetration of DG in a weak 38 kV rural network.
The main objective of this autotransformer is to automatically step down 38 kV
voltage to levels that are within the DSO code, so the voltages that would be
expected at the start of the feeder leaving the 38 kV substation would be in the region
of 42.5 - 42.8 kV. The location of the autotransformer is critical to the DSO so it can
be utilised for future use on the network.

4.4

Limiting the Distributed Generator Export

Outline
Note: The Irish DSO does not currently use the automatic limiting of the distributed
generator export as a means of reducing voltage rise due to the impact of distributed
generation.
If the DG was not installed on the DN then the voltage rise would not be an
issue, assuming the network was designed and built to the correct standards. With
this in mind, if the voltage on the DN is reaching the allowed voltage limit, then the
generator can reduce its power output until the voltage is < the allowed voltage. The
DSO must determine what the DG must curtail to when the DN load demand is at its
lowest, to ensure the maximum allowable voltage on the DN is not exceeded [1]. The
DSO will allow the DG to continue operating but they will force the DG to constrain
the export from the DG into the DN to the point where the voltage limit of the DN is
not exceeded.
Constraining a DG will affect the economic return of the project, but this
must be balanced against the cost of reinforcing the DN to allow maximum export
from the DG at all times, even when the DN demand load is low.
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4.4 Limiting the Distributed Generator Export
The frequency of low demand load on the DN must be factored into the financial
analysis by the developer to determine if they want to allow their DG to be curtailed
or reinforce the DN to allow maximum generation all of the time. This question is
trying to predict the future and so studies of the DN load profile must be carried out
by the DSO, whilst the developer can assess the predicted economic growth or
decline for the area.
As discussed previously, to determine what the maximum limit of generation
can be on a specific feeder the parameters of the network must be known. The
characteristics of the sample network that is being used for this section are as follows
=18.65<T
X„^=\9.6Q.
V,^,,=4\600V
= 43000 V

Utilising Equation [3.8].
Vi

-yj(v^i COS ^ +1^i)N ) + (V|

sin 0 +1

X

)

13.81

Equation [3.121 can be derived
iIML

+ XfJ+l,JV,R,„ +V:R,J + V^^--V,^ =0

[3.12)

Assuming the DG is operating at unity power factor
/^^(l8.65"+19.6^)+/^^(41600xl8.65 + 41600xl8.65) + 43000^ -41600^ =0
(731.98) +

(l 551680) -118440000 = 0

+/o^(2119.839)-161807.7 = 0

-b±ylb^ -4xaX(
^ DN

2xa
-2119.839±V2119.839^ -4xlx-161807.7
^ DN ~

2x1
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4.4 Limiting the Distributed Generator Export

^ DN

-2119.839±2267.36

Therefore Iqn is approximately 74 A.
Therefore the total power that the DG can export is derived from Equation [4.2].
P = SxV,xI^,

[4.2]

P:zz^/3x 43000x74.0
P^5.52MW

Now inputting this into the ERAC.S model the following results are observed

pV: 1.001 pu
V 41.623 kV

Figure 4.14

The voltage rise caused by the generation does not exceed the 43.0 kV
maximum limit. The voltage is approximately 19 V under the maximum limit.
Therefore the export from the DG must be limited to 5.5 MW at unity power factor if
the maximum limit of 43.0 kV is not to be breached.
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Assuming the DG is operating at now operating at 0.95 power factor lagging
Vi = 7(V, cos^+/o^7?o/v)'+(V', sin^zi + /^^X^^)"
V^2

COS

cos ^ "t" V] cos (j)!^1 cos (piRDi^

V, sin (py^ sin ^ + V, sin (pi^r)N

dn ^on

V2 — V2 cos (p + /fl/v (^1

^1

^DN (^1

0^ DN “*’ ^1

V\

0

[3.8]

^DN ^DN

^dn ^dn

^DN i.^DN
0^ DN )

^DN

DN )

Therefore
43000' = 41600'x0.95'+/,,^ (41600x0.95x18.65+ 41600x0.95xl8.65)H-/^^(l8.65')f
41600'xO.312'+/^^(41600x0.312xl9.6 + 41600x0.312xl9.6)+/J^(l9.6')
43000' -(1561830400)-(168459632)=/^^ (1474096)+08.65')+7,,^ (508784)+(l9.6')

ll^ (731.96) +1 ,^ (1982880)-118709968
2

/J^+/^J2709)-162181

— b± ylb^ -4xax>
^ DN

2xa

2709± V2709' -4xlx-162180
^ DN

2x1
-2709 ±2826
2

^ DN

DN

58.4A

Therefore Idn is approximately 58 A.
Therefore the total power that the DG can export is
f* = V3 X

X

X Cos(p

P = V3x43000x58x0.95
P^AAMW

The DG is operating at a power factor of 0.95 lagging so the MVAR is
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[3.13]

4.4 Limiting the Distributed Generator Export
Co5"‘0.95 = 18.19"
r(2«18.19°=0.328
MWlr = MWx0.328
A/W\r = 4.1x0.328 = 1.347

1.34 MVAR

Figure 4.15

Now inputting this into the ERACS model the following results are observed

pV: 1.001 pu
V 41.654 kV

Figure 4.16

The voltage rise caused by the generation has exceeded the 43.0 kV
maximum limit by approximately 29 V. Therefore, the export from the DG must be
limited to 4.1 MW and 1.34 MVAR at 0.95 power factor lagging if the maximum
limit of 43.0 kV is not to be breached.
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4.4 Limiting the Distributed Generator Export
Assuming the DG is operating at now operating at 0.95 power factor leading

Vpa = ^(Vsub
^DG ~ ^Suh

COS

^Sub

sin ^ ~

Sub

'^Sub

^

Sub

Vdg ~ ^DG

f

^

^

^Sub

DN ^DN

^Sub

'^Sub

DN ^DN

DN^ DN ~ ^Sub

^DN ^Sub

^^DN

~ ^DN ^Sub

DN

^Sub

[3.14]
^ DN^DN

DN^ DN ~ ^ DN ^ DN
^DN )

^Sub

^DN i^DN I"*"

DN ) ~ ^DN

DN )

Therefore,
43000^ = 41600^ x0.95^+/„^(41600x0.95x 18.65+ 41600x0.95x18.65)+7,^^ (l8.65“)+
41600^ x0.312^-/o^ (41600x0.312x19.6 + 41600x0.312x 19.6)-(l9.6^)
43000' - (l561830400)- (l 68459632) =
-

(36.2) +

I(l474096) +

(l 8.65')-1(508784) -

(965311)-118709968

+^dn(26666)-3279281

-b±y[b^ -4XflX(
2xa
-

26666 ± V26666' - 4x 1 x-3279281

^ DN

2x-l
^ DN

-26666 ±2691
-2
-122.5 A

Therefore, /o^vis approximately 122.5 A.
The total power that the DG can export is as follows
P = V3xV^x//5^ xCoscp
P = 73x43000x122.5x0.95
P-^S.eiMW
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4.4 Limiting the Distributed Generator Export
The DG is operating at a power factor of 0.95 lagging so the MVAR is
Co5“‘0.95 = 18.19“
Tan 18.19° =0.328
MVAr = MW X0.32S
MVAr = 8.67x0.328 = 2.85MVAr

2.85 MVAR

Figure 4.17

Now inputting this into the ERACS model the following results are observed

pV: 0.999 pu

V 41.552 kV

Figure 4.18

The voltage rise caused by the generation does not exceed the 43.0 kV
maximum limit. The voltage is approximately 117 V under the maximum limit.
Therefore, the export from the DG must be limited to 8.67 MW and 2.8 MVAR at
0.95 power factor leading if the maximum limit of 43.0 kV is not to be breached.
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4.5

Adjusting the Primary Substation Voltage

Outline
Note; The Irish DSO does not currently use adjusting the primary substation voltage
as a means of reducing voltage rise due to the impact of distributed generation.
This is quite an obvious solution, reduce the feeding substation voltage when
the load demand is high, the DG is exporting and voltage rise on the network is
becoming an issue [1]. But this solution can have major consequences for the DSOs
customers on the network. The DSO must ensure that lowering the voltage at the
primary substation does not adversely impact on the customers.
It is normal practice in Ireland for the DSO to maintain the busbar voltage at
the feeding substation above the nominal voltage to ensure that the network voltage
remains within standard for the entirety of the network [2]. With no DG connected
on the network and only demand load connected, the normal tendency with the
voltage is to decrease along the feeder.
When DG is connected to the feeder the voltage on the network may rise and
the substation sending voltage can be lowered to try and maintain the feeder voltage
under the maximum limit. During this period, when the feeding substation is at a low
tap and so its busbar voltage is lowered, the voltage profile of the feeder will
suddenly be depressed if the DG tripped and did not suddenly export. The customers
on the network may have voltage well below the allowed voltage drop of -10 %. This
can lead to the burning out of motors and other electrical devices and this is a
scenario that neither the DSO or their customers wants. If the DG does suddenly
come off line, there is an inherent time delay on how quickly the tap changer of the
feeding substation reacts to voltage change, so it may be a few minutes before the
network voltage is restored back to the nominal values.

80-

4.5 Adjusting the Primary Substation Voltage
To determine what impact on the system voltage the sudden tripping of a DG
would have, a study must be completed with the DG operating at its full allowable
export power. To determine this, the specific parameters of the network must be
known. The characteristics of the sample network that is being used for this section
are as follows
=18.65fl
=19.60.
= 43000 V

Utilising the Equation [3.8]
^DG

'yli^sub cos^+1sin

)

[3.8]

The following can be derived if the DG is operating at unity power factor
+ ^Suh 0 DN ^DN +

Il)N ^PN

)+

PN

^PN

^ L )~

PC,

=^

Assuming the DG is operating at unity power factor at 9.6 MW
+V,.„,(l28.9xl8.65 + 128.9xl8.65) + (l28.9"xl8.65" +128.9^xl9.6^)-43000' =0
Vl, +V5„,(4807.9) + (12162042.9)-43000' -0
+V^5,J4807.9)-1836837957 =0

-b + ^Jb^ —4xaxc
2xa

ys.b =

[3.13]

-4807.9±V4807.9^ -4xlx-1836837957
2x1
-4807.9±85851

V,„,=40.52UV

Therefore Vsuh should be set to approximately 40.521 kV. Now inputting this into the
ERACS model the following results are observed
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pV: 0.976 pu
V: 40.592 kV

Figure 4.19

The voltage rise caused by the generation does not exceed the 43.0 kV
maximum limit. The voltage is approx 77 V under the maximum limit, this can be
attributed to rounding errors. Setting the feeding substation 38 kV busbar voltage to
approximately 40.5 kV allows the DG export up to 9.6 MW at unity power factor and
the maximum limit of 43.0 kV is not to be breached. Once the DSO starts to lower
the set-point sending voltage, then if the DG suddenly stops generating, there will be
a sudden drop in the system voltage. Figure 4.20 shows the dramatic affect of when
one of several DGs on a network suddenly stops generating and the demand load at
the end of the feeder increases at the same time.

pV: 0.973 pu
V: 40 483kV

Figure 4.20

The voltage at the 38 kV substation busbar now falls to 37.6 kV, which is a drop of
approximately 2.8 kV from the sending set point voltage.
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It is common to have several feeders from the one 38 kV busbar feeding out
from the 110 kV substation, this sudden loss of generation may leave customers with
a level of supply that is below the minimum standard and it may take several minutes
for the tapchangers at the 110/38 kV transformers to respond and complete enough
taps to bring the system voltage back to the minimum values. Motors are especially
sensitive to low voltage and the drop in voltage may initiate the operation of motor
protection devices. This can mean commercial and industrial processes being
disrupted.
Assuming the DG is now operating at 0.95 power factor la2ging.

^DG

^DG

^Suh

^Sub

"n/^Sub

cos^ + ^Sub COS (j)!

4^'^Sub sin ^

yDC — ^Sub

^Sub

43000^ =

sin

4^

cos (f)!
^sub

^ Sub

^D.V )

sin

4^^DN ^DN

[3.8]

^DN '^^DN^DN

dn^dn

^dn^dn

4^^DN ^DN ) "*"

^DN

2
sin^ + ^sub4^^DN^DN + sinXiyj^) +1X^DN

0.95“ +

(0.95xl35.6x 18.65+ 0.95X 135.6x18.65)+(l35.6"xl8.65")+

0.312^(0.312xl35.6x 19.6 + 0.312x135.6X 19.6)+(l35.6^xl9.6^)

Vlb +V5„,(6463.386)-1835540774 = 0
— b + yjb^ -4xaX(
2xa

[3.13]

-6463.4± V6463.4^ -4xlx-1835540774
2x1
V
* Sub =

6463.4 ±85929.8

V,^,=39.133kV
Therefore Vsub should be set to approximately 39.733 kV. Now inputting this into the
ERACS model the following results are observed.
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pV. 0.955 pu
V: 39.732 kV

The voltage rise caused by the generation does not exceed the 43.0 kV
maximum limit. The voltage is approximately 65 V under the maximum limit.
Setting the feeding substation 38 kV busbar voltage to approximately 39.7 kV allows
the DG export up to 9.6 MW at 0.95 power factor lagging and the maximum limit of
43.0 kV is not to be breached. As per the study with the DG operating at unity power
factor, once the DSO starts to lower the set-point sending voltage, then if the DG
suddenly stops generating, there will be a sudden drop in the system voltage. Figure
4.22 shows the dramatic affect of when one of several DGs on a network suddenly
stops generating and the demand load at the end of the feeder increases at the same
time.

pV: 0.948 pu
V: 39 437kV

The voltage at the 38 kV substation busbar now falls to 35.45 kV, which is a drop of
approximately 4.2 kV from the sending set point voltage.
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4.5 Adjusting the Primary Substation Voltage
The voltage on the network is now outside standard and this is a serious problem for
the DSO and their customers connected to the network.
Assuming the DG is operating at now operating at 0.95 power factor leading
and delivering 9.6 MW

^DG ~

^ DG

^Sub COS

Sub

sin<^

^Sub

^DG

^Sub
^sub

^ON

Sub

^

^Sub

^Sub

DN ^DN

^Sub sin

X

^Sub

^suh

DN ^DN
DN

COS ^ + Vsuh (cos (/)!+ cos

sin ^ — Vsub Csin (pion^dn
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43000" -V/„,0.95" +V^(0.95x135.6x18.65+ 0.95X135.6X 18.65)+(l35.6"xl8.65")+
0.312"(0.312xl35.6x 19.6 + 0.312xl35.6xl9.6)-(l35.6"x 19.6")
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-3146.5±V3146.5"-4xlx-1849668151
Vsub =

2x1
-3146.5 ±86073
Vs^,,=4\A63kV

Therefore Vsuh should be set to approximately 41.46 kV.
Now inputting this into the ERACS model the following results are observed.
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dV:

0.997

du

V: 41.464 kV

Figure 4.23

The voltage rise caused by the generation does not exceed the 43.0 kV
maximum limit. The voltage is approximately 91 V under the maximum limit.
Setting the feeding substation 38 kV busbar voltage to approximately 41.463 kV
allows the DG export up to 9.6 MW at 0.95 power factor leading and the maximum
limit of 43.0 kV is not to be breached.
Figure 4.24 shows the dramatic affect of when a DG on a network suddenly
stops generating and the demand load at the end of the feeder increases at the same
time.

pV: 0.995 pu

V: 41.403 kV

Figure 4.24

The voltage at the 38 kV substation busbar now falls to 39.532 kV, which is a
drop of approximately 1.9 kV from the sending set point voltage. This is not a
dramatic drop in voltage and the entire feeder voltage is within standard.
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This highlights the fact that if the receiving substation busbar voltage is not altered,
or reduced by a small quantity, then the entire 38 kV network attached to that busbar
does not have its quality of voltage compromised.

4.6

Shunt Reactance

Outline
Note: The Irish DSO does not currently use inductive reactance as a means of
reducing voltage rise due to the impact of distributed generation.
Shunt reactors (inductors) can be installed at selected points along HV lines
to absorb reactive power and reduce overvoltages during light demand load
conditions (26]. They also reduce transient overvoltages due to switching and
lightening surges if connected to earth. However, shunt reactors can reduce line
loadability if they are not disconnected under full load conditions.
Dublin City has the most densely cabled network system in Ireland as it is the
largest city in Ireland, it has the largest load demand and it has the largest number of
electricity customers. At night when the load demand was low, a voltage rise
phenomenon was observed. A study was carried out to determine the cause of this
unwanted phenomenon and it was concluded that the capacitive contribution of the
cable network in Dublin was so dominant that it created a voltage rise in the network
when the load demand dropped below a certain threshold. To counteract this,
inductive reactors were installed at strategic substation locations around the city, so
when the voltage rise was detected at night these shunt reactors can be switched in
remotely by SCADA and the voltage can be maintained below the maximum value.
The shunt reactors absorb VARs from the network and aid in mitigating the voltage
exceeding the maximum limit on the network.
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Figure 4.25

Figure 4.25 above shows how a shunt reactor is connected to the 38 kV busbar in a
DSO 110 kV substation in Dublin City. The shunt is connected in STAR and it is
important to note that the neutral of the reactor is not connected to ground. The
earthing of the reactor neutral is dependent on how the neutral of the supply
transformer is treated.
Figure 4.26 shows the layout of a typical 38 kV feeder with both DG and
loads connected to it.

One of the phases of this 38 kV feeder is making a connection to earth and so there is
an earth fault on the feeder.
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To allow the ‘arc’ or the voltage at the fault site to be ‘quenched’ or
minimised, an arc suppression coil (ASC) is connected between the 38 kV neutral of
the transformer and earth [48]. The feeder can keep on feeding ‘over’ the fault and so
no customers will be without supply. This method of earth fault protection on the 38
kV network is quite common. But, the DSO protection and operations departments
will only allow one neutral to be connected on any network. This rule does not allow
the connection of a shunt inductor neutral to be connected to earth as there would be
a second artificial neutral connected, as the protection will not be able to function
correctly.

As seen in Figure 4.27, connecting a shunt reactor to a feeder can be
compared to a motor connected to the feeder. The shunt reaetor is absorbing a high
percentage of VARs, which it is designed to do. There is a heating loss associated
with it as active currents circulate through the windings, but the reactor is engineered
to minimise these losses. A motor will absorb both VARs and watts as it is designed
to do ‘work’.
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But installing a shunt reactance should not be ruled out, many factors have to be
weighed up by both the DSO and the developer who wants to install the DG.
•

What is the likelihood of a voltage rise on the feeder due to demand load
decreasing ?

•

Best estimate, how frequent would the shunt reactance be utilised in the
circuit ?

•

Based on this frequency, what would the expected losses and extra VARs be
? Would the developer who wants to install the DG pay for these losses and
VARs?

•

To correctly bill the developer for the losses and VARs, revenue and power
quality metering would have to be installed.

•

Can the quantity of inductance be controlled ? Can a tap changer be
automatically controlled via a monitoring voltage relay ? Can the circuit
breaker and the tap changer of the shunt reactance be controlled remotely by
SCADA ?

•

Can the network deal with the extra VAR content ?

Installing a shunt reactance is capitalising on electrical power engineering, but it
is the financial and electrical losses of this method that makes it difficult to accept.
The following is an example of an 8.0 MW DG and a shunt inductive reactor
connected at one end of a rural 38 kV feeder, which is 50 km in length and the
receiving end is a 110 kV substation with two 110/38 kV 31.5 MVA transformers
connected in parallel. The conductor size of the feeder is 100 mm .
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Figure 4.28 is a print out from the electrical power analysis software, ERACS.
pV: 1.001 pu
V: 41.629 kV

Repo et. al. proposes using a reactor as a method of reducing voltage at ‘the
connection point of the windmills’ [20]. Liew and Strbac also propose to alter the
reactive power absorption as a method of voltage rise mitigation by means of a
reactive compensator [29].

DG Operating at Unity Power Factor
The DG is set to export 8.0 MW at unity power factor and the shunt reactor is out of
circuit. The voltage at the 38 kV busbar at the 110 kV substation is set to 41.6 kV. It
can be clearly seen from the software that the voltage on the 38 kV feeder, i.e. at the
38 kV substation busbar, has exceeded the 43.0 kV limit, to 43.556 kV. To mitigate
the voltage rise the shunt reactor will have to absorb VARs from the system. This is
the same as operating the DG at a leading power factor, which will absorb the VARs.

pV: 0.999 pu
V: 41.576 kV
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It can be clearly seen from the software that the voltage on the 38 kV feeder, i.e. at
the 38 kV substation busbar, has dropped to the 43.0 kV limit. This can be proven
mathematically as follows.

8.0 MW

V
1.9 MVAR

Figure 4.30

Combining the DG and shunt reactor as one, the power being exported from the DG
is 8.0 MW, -1.9 MVAR, therefore the current is calculated as follows
\/A

[4.

V3XV/,Suh
,
/_

S.223 MVA
------------ = 114 A
V3x41.6i^V

It can be seen in the ERACS network that the current flowing is 114 A. This is 4 A
more than when the DG was operating at 0.95 power factor lagging.

y

^DC = Vi^s.b COS^+/

+

sin ^-7^^ X[3.14]

= V(41600x0.95 + 114x (0.373^x50+ (41600x0.312-114x(0.392ax50/:m))= 43.009 kV
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0.95 Power Factor Laggin2
The DG is set to export 8.0 MW at 0.95 power factor lagging. As discussed earlier,
the expected voltage at the DG 38 kV point of common coupling is expected to be
larger than that when the DG was operating at unity power factor. It is not common
that a DG operates at 0.95 power factor lagging, but the DSO and TSO are now
requiring that DG units can now operate at lagging power factor.

pV: 1.002 pu
V: 41.699 kV

Figure 4.31
It can be clearly seen from the software that the voltage on the 38 kV feeder,
i.e. at the 38 kV substation busbar, has exceeded the 43.0 kV limit, to 44.294 kV and
has risen above the voltage that was recorded and calculated when the DG was
operating at unity power factor. To now mitigate the voltage rise, the shunt reactor
must now absorb more VARs from the system.
pV: 0.999 pu
V: 41.577 kV

Figure 4.32
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Figure 4.33

The power being exported from the DG is 8.0 MW, 2.629 MVAR, therefore the
current is calculated as follows
^ DN

rr

VA

L4.1]

V3xV,
^ DN ~

^.A2\MVA

= V^^Div
^2

= 116A

y + (V. sin +1XY

[3.8]

= 7(41600x0.95+ 116x(0.373^2x50^m))^ + (41600x0.312+ 116X (0.392^x50
V/^ = 44.41 UV

To now mitigate this voltage rise, the exported VARs from the DG must be
absorbed by the shunt reactor. As previously calculated, when the DG was operating
at unity power factor, 1.9 MVAR must be absorbed from the grid by the shunt
reactor. Therefore
2.629 + 1.9 = 4.529MVAr

is the size of the shunt reactor now required.
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4.7 Construct a New Dedicated Feeder
Again, combining the DG and shunt reactor as one, the power being exported
from the DG is 8.0 MW, -1.9 MVAR, therefore the current is calculated as follows
41

[ . ]

V3XV/,Sub
^
/_

8.223 MVA
------------ = 114A
yl3x4\.6kV

It can be seen in the ERACS network that the current flowing is 114 A. This is 4 A
more than when the DG was operating at 0.95 power factor lagging.

=^|i^sub

sin^-//,^X,,,J'

[3.14]

=7(41600x0.95 + 114x(0.373nx50A:m))^ +(41600x0.312-114x(0.392^2x50/:w))= 43.009 kV

This method of voltage rise mitigation proves to be an effective method. The
financial losses due to the extra VARs flowing in the network must be taken into
account, as the DSO does not want wattless energy flowing in a network. Load
demand customers are heavily penalised if the power factor of their load reduces
below the agreed figure with their supplier.

4.7

Construct a New Dedicated Feeder

Outline
Part 4.2 of this chapter comprehensively analyses the effects of increasing the cross
sectional area of the feeder conductor. For some new DG projects in which voltage
rise is an issue, it may be worth considering constructing a new dedicated feeder to
the DG site.

-95

4.8 Chapter Summary

38 kV
Substation

Figure 4.34

Figure 4.34 above shows the location of a proposed site for a DG. To accommodate
this DG, and ensure voltage rise is not an issue, the existing 38 kV feeder must be
upgraded. Depending on the length and terrain of the route of the existing feeder, it
may be a financially cheaper option to construct a new dedicated line to the DG. The
time line of the project may also be improved, as there is no restriction now on the
time of year that the existing feeder can be switched out. During times of peak load,
which is normally in the wintertime, it is extremely difficult to obtain outages of
feeders for a sustained period of time.
An IPP now has permission to request ESB Networks for the functional
specifications of the feeder. This allows the IPP to design the route, purchase the
material and build the line to ESB Networks standards.

4.8

Chapter Summary

This chapter outlined and analysed possible methods of voltage rise mitigation due to
a DG connected to a typical 38 kV feeder. The first method that was reviewed was
utilising the distributed generator. A synchronous generator can operate at a lagging,
unity and leading power factor. As per the DSO code, a generator connected to the
grid should operate at a leading power factor, meaning it absorbs VARs from the
network that aids in the reduction of the feeder voltage. All three modes of power
factor operation were modeled on ERACS, as well as proven mathematically.
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Operating the DG at 0.95, unity and leading power factors, it was clearly shown that
the voltage at the DG substation busbar could be altered from 44.29 kV to 42.78 kV.
This clearly shows how powerful the power factor control of a DG can be when
controlling network voltage.
The second method of voltage rise mitigation was increasing the cross
sectional area of the feeder conductors. This method of voltage rise mitigation is
favored by the DSO as all DGs can export at full capacity at any time and there are
no further complications of network operational management or the requirement of
complex control systems on the network. For this study, a 100 mm“ conductor was
used in the feeder which clearly showed a voltage rise which exceeded the maximum
standard of 43.0 kV at the 38 kV substation when operating the DG at unity and
lagging power factors. It was shown by increasing the feeder conductors cross
sectional area to 300 mm^, it was possible to reduce the voltage rise to below the
maximum allowable limit.
The third method of voltage rise mitigation was the downline autotransformer
with OLTC. This is a 1:1 ratio transformer and if the voltage is high and outside of
standard on one side it can reduce the outgoing voltage on its secondary side.
Therefore, by strategically placing this autotransformer on the network it will
mitigate voltage rise adequately.
This mitigation was not demonstrated comprehensively with the example of the
single network, but in the ‘case study’ chapter in the thesis the results are clearly
seen.
The fourth method was to limit the DG export onto the network. This has
financial constraints on generation export revenue for the owner of the DG.
The DG was modeled at 0.95 lagging, unity and 0.95 leading power factors. Of
course, it was possible to mitigate the voltage rise to below the maximum allowable
voltage level on the network but the question is by how much?
The fifth method analysed was to adjust or reduce the primary substation
sending voltage. Again the DG was modeled at 0.95 lagging, unity and 0.95 leading
power factors. In all cases it was possible to reduce the voltage on the network to
below the maximum allowable limit on the network.
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As the chapter alludes to, adjusting the primary substation voltage can affect the
voltage on other feeders connected to the same busbar. These feeders may experience
low voltage on their networks. If a DG unit did trip, and the primary sending voltage
was reduced, then the feeder itself and the feeders connected to the busbar may have
a sudden ‘dip’ in voltage.
The sixth method that was discussed was the shunt reactance. A shunt reactor
will absorb VARs, which is much like a DG operating with a leading power factor.
When VARs are being absorbed from the network it aids in the mitigation of voltage
rise in the network. By controlling the VAR requirement of the reactor, it is possible
to control the voltage on the network. This chapter outlines that the star/neutral point
of the reactor must be left isolated and not connected to earth. For the study, the DG
was operated at 0.95 lagging and unity power factors. In both cases, it was possible
to reduce the voltage on the feeder to below the maximum level.
The seventh method is to construct a new dedicated feeder. The second
method outlined in the chapter is very much similar to this method, which was based
on increasing the cross sectional area of the feeder conductor. Based on the location
of the DG site it may be financially more viable to build a new feeder. The IPP may
build the line themselves, which allows them to dictate the timelines more for the
project. And the outages of exiting feeders are minimised considerably.
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Chapter 5
Case Study
In this Chapter, a case study is conducted on a section of the Irish 38 kV distribution
network. A single line diagram of the network studied is shown in Figure 5.1. This
DN consists of two main feeders supplied from the 110 kV national grid via 31.5
MVA transformers with on-load tap changers. The DN incorporates four 38 kV
substations connected between two 110 kV substations, with a NO point located at
38 kV substation D, thereby ensuring the two 110 kV substations do not operate in
parallel. This type of system arrangement is quite common in Ireland. 38 kV
substations B and C feed rural distribution network via distribution transformers at
an operating voltage of 10.7 kV. These distribution networks are subjected to
substantial load fluctuations throughout a 24-hour and 12-month period.
Being located on the edge of the Atlantic Ocean makes Ireland a very suitable
location for wind power generation due to the fact that there is a very high degree of
wind power availability. As a consequence, wind farm (DGl) with an electrical
output of 9.6 MW was connected to 38 kV substation C via the new 38 kV substation
F. A DG power source was then subsequently connected at 38 kV substation D to
supply energy to a large industrial plant that has expanded over the last ten years and
where peak electrical power demand can reach 7.5 MW. In order to reduce energy
cost, the plant installed two 2.0 MW wind turbines, for a combined max output of 4.0
MW. The intention of installing this DG unit was to supply internal electrical loads
and export the excess electrical power to the grid
Figure 5.1 below shows the 38 kV network as described above. It is an
intricate network with many long rural 38 kV feeders being supplied from two 110
kV substations. The overhead line conductors predominately have a CSA of 100
mm , with only one section of a feeder having conductors with a CSA of 300 mm .
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2

All underground 38 kV cables in the network shown have a CSA of 630 mm . The
normally open points in the 38 kV network are shown as hollow squares, i.e. circuit
breaker open.

Figure 5.1

The section of the network that will be analysed in this chapter was recreated
in ERACS and the results of the study are shown below in Figure 5.2 and Table 5.1.
The network data was based on the ‘network data OH line characteristics’ and ‘38
kV XLPE insulated cables details’ [51; 52].
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Figure 5.2
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5. Case Study
The results of the study carried out on ERACS are as follows.

Location

38 kV Voltage

110 kV Substation ‘A’

41.537

38 kV Substation ‘B’

41.433

38 kV Substation ‘C’

41.930

38 kV Substation ‘D’

41.515

110 kV Substation ‘E’

41.590

38 kV Substation ‘F’

42.454

Table 5 I

The ‘normal’ forward feed of the network is for 38 kV substations B, C and F to be
fed from 110 kV substation A. The normally open point on the 38 kV network is at
substation D, which is fed from 110 kV substation E.
All the substations are allocated with their base summer load, which is
approximately 20% of the peak winter demand for all substations. The DGl is set to
export its full megawatt capacity of 9.6 MW at a power factor of 0.99 leading. This
means machine DGl is operating at a leading power factor and it is absorbing 1.37
MVAR from the grid. DG2 is also set to export at full capacity of 4.0 MW at a power
factor of 0.95 leading. This means machine DG2 is operating at a leading power
factor and it is absorbing 1.3 MVAR from the grid. A power factor of 0.95 leading is
the modeling parameter that the DSO planners must adhere to. The highest voltage
on the network is 42.454 kV, which is at 38 kV substation F, and can be seen in
Figure 5.3 below. This is below the maximum allowable threshold for voltage rise,
which is 43.0 kV.
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Backfeeding
Another test to be carried out on the network is when 110 kV substation A cannot
supply the network and so all 38 kV substations must now be fed from the 110 kV
substation E. The results of the study carried out on ERACS are shown in Figure 5.4
and Table 5.2 below.
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^

38 kV Substation ‘D’

Figure 5.4

Location

38 kV Voltage

110 kV Substation ‘A’

41.600

38 kV Substation ‘B’

42.480

38 kV Substation ‘C’

42.431

38 kV Substation ‘D’

41.961

110 kV Substation ‘E’

41.527

38 kV Substation ‘F’

42.950

Table 5.2

-
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T
110 kV Substation 'E'

5.1 The Introduction of DG3
The highest voltage on the network is 42.950 kV, which is at 38 kV
substation F. This is again under the maximum allowable threshold of 43.0 kV.
It can be clearly seen from the analysis of the existing network on the ERACS
system that the system was designed to accept the maximum output of the connected
generation connected to the network.

5.1

The Introduction of DG3

A developer applied to the DSO for the connection of a new DG (DG3) at 38 kV
substation B. DG3 was to consist of a 3.75 MVA CHP unit. Figure 5.5 below shows
DG3 now connected to the same 38 kV substation as DG2.

38

SuhSin F
DCi 1

( DG )

( DC )

DC2

DG3

l—W
now SubSin-F

L-Q—

Figure 5.5

In ‘normal forward’ feeding mode, DG3 was modeled at maximum power
output of 3.56 MW and operating at a leading power factor of 0.95. This results in
1.17 MVAR being absorbed from the grid. All other generators already connected to
the system were set to operate at their maximum output and summer demand loads
set at each 38 kV substation.
-
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The conclusion of this study was that there is no issue with voltage rise. As seen in
Figure 5.6, the highest voltage on the network was recorded at 38 kV substation F,
which was at 42.405 kV.
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Figure 5.6

In backfeeding mode, when the three 38 kV substations are supplied from
110 kV substation E, the voltage rise becomes an issue at substation F, where the
voltage rises to 43.209 kV. The ERACS results are shown in Figure 5.7 and Table
5.3 below.

,

0)

^

U

a

38 kV Substation T

RQ 05MVAI

110 kV Substation A'

38 kV Substation ‘B’

38 kV Substation ‘C

Figure 5.7
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38 kV Substation D’

110 kV Substation ‘E’

5.1 The Introduction of DG3
Location

38 kV Voltage

110 kV Substation ‘A’

41.600

38 kV Substation ‘B’

42.930

38 kV Substation ‘C’

42.693

38 kV Substation ‘D’

42.018

110 kV Substation ‘E’

41.500

38 kV Substation ‘F’

43.209

Table 5.3

The DSO planner now realises that there is an issue with voltage rise when
DG3, the CHP unit is connected at 38 kV substation B. The planner must list out all
possible technical solutions to resolve the voltage rise issue and ensure the 38 kV
voltage on any part of the network does not breach 43.0 kV. Each technical solution
must be studied, for all feeding arrangements, to ensure the voltage does not go
above or below the maximum or minimum values as set out by the DSO.
When each solution has been thoroughly scrutinised and is deemed
technically satisfactory, the financial cost of each solution must be determined. The
solutions are then ranked, based on the criteria of LCTA |53]. The DSO planner then
presents this LCTA solution to the developer. The developer has many aspects to
consider at this point. Firstly, the cost, is the project too expensive to proceed with?
This may be due to a large amount of reinforcement works on the system. If a new
overhead line has to be built, what is the time scale? A 38 kV overhead line at
present in Ireland requires planning permission, so will planning be granted? Will
landowners be opposed to the overhead line traversing their land?
The following are possible technical solutions that a DSO would use to allow DG3 to
export and also ensure that the 43.0 kV maximum voltage rise is not generated on the
system.

-
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5.2

Method 1: Utilising the Distributed Generator - TA
Study

As previously discussed, one of simplest methods of reducing the voltage rise due to
DG is to operate the DG with a leading power factor. As there were so few of these
units connected to the Irish grid, the TSO and DSO were not concerned with the
impact the units would have as they were so sparse and the grid was so strong and
capable of smoothing over any sudden change in the system. As more DG units are
being connected to the grid throughout Ireland, the TSO and DSO have realised that
they require more control of these units if a stable quality of supply is to be
maintained on the grid.
If DG3 can now have its power factor controlled by the DSO then it may be
possible to connect DG3, but this would require lowering the leading power factor
and absorbing more reactive power from the network. At times of high demand load
on the network the DG’s power factor may need to be changed to lagging and export
reactive power to the network.

Reverse Feeding Mode
In reverse feeding mode the following was modeled on the ERACS system. The
ERACS results are shown in Figure 5.8 and Table 5.4 below.

4---- 4-----4

-^DQI

> 96fcrw

fU

38 kV Substation 'F'

a PsmS"

Q OSMVAj

110 kV Substation ’A'

38 kV Substation ‘B'

38 kV Substation 'C

Figure 5.8
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5.2 Method 1: Utilising the Distributed Generator - TA Study
Location

38 kV Voltage

110 kV Substation ‘A’

41.600

38 kV Substation ‘B’

42.930

38 kV Substation ‘C’

42.693

38 kV Substation ‘D’

42.018

110 kV Substation ‘E’

41.500

38 kV Substation ‘F’

43.209

Table 5.4

The voltage on the network has breeched standard as it is now 43.209 kV at
38 kV substation F. Figure 5.9 is a phasor diagram which shows the generator
exporting active current into the grid and absorbing VARs from the grid. The voltage
V2 is larger than Vi.

Figure 5.9

The question is how to reduce the voltage V2 at this substation by 209 V.
DG3 is operating at a power factor of 0.95 leading. According to the DSO code, this
generator must be capable of operating at a power factor of 0.92 leading. DG3 now
becomes:
3.56MW
Cos-'0.92 = 23.01^
7a«23.07° =0.426
3.56 MfFx 0.426 = 1.52 MVAr
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5.2 Method 1: Utilising the Distributed Generator - TA Study
By operating the DG at a lower power factor, the machine is now absorbing
more VARs from the grid, and as shown in the phasor diagram below, this results in
the output voltage at the DG to reduce.

Iccn

Figure 5.10

Modeling DG3 with this MVAR applied, the results are as follows. The
ERACS results are shown in Figure 5.11 and Table 5.5 below.
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Location

38 kV Voltage

110 kV Substation ‘A’

41.600

38 kV Substation ‘B’

42.826

38 kV Substation ‘C’

42.620

38 kV Substation ‘D’

41.976

110 kV Substation ‘E’

41.489

38 kV Substation ‘F’

43.137

Table 5.5

-
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no kV Substation E'

5.2 Method 1: Utilising the Distributed Generator - TA Study
The voltage at substation F has decreased to 43.137 kV but this is still above
the voltage rise maximum limit, therefore utilising the power factor of DG3 to its
maximum leading power factor is not sufficient to lower the voltage to the acceptable
limit. DG2 is only operating at a power factor of 0.95 leading. The CA between the
DSO and the owner of DG2 states that this machine can operate to a power factor of
0.92 power factor leading as per the DSO code. Utilising this agreement, DG2 can be
modeled at 0.92 power factor leading.
4.0 MIT
Co5“'0.92 = 23.07"
r^z«23.07" =0.426
4.0MVTx0.426 = 1.7 MTAr

Modeling DG2 with this MVAR applied, the ERACS results are shown in
Figure 5.12 and Table 5.6 below.
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Location

38 kV Voltage

110 kV Substation ‘A’

41.600

38 kV Substation ‘B’

42.707

38 kV Substation ‘C’

42.537

38 kV Substation ‘D’

41.927

110 kV Substation ‘E’

41.478

38 kV Substation ‘F’

43.055

Table 5.6

The voltage at substation F has decreased to 43.055 kV but this is still above the
voltage rise maximum limit.
-
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5.2 Method 1: Utilising the Distributed Generator - TA Study
And, therefore utilising the power factor of DG2 to its maximum leading power
factor is not sufficient to lower the voltage to the acceptable limit. The only other
machine that may be able to alter its power factor is DG1. DG1 is operating almost at
unity power factor (0.99 power factor leading) and this should be utilised in the
mitigation of the voltage rise. As stated, the CA between the DSO and the owner and
operator of DGl states that this machine can operate to a power factor of 0.92 power
factor leading as per the DSO code. Utilising this agreement, DGl can be modeled at
0.95 power factor leading.
4.0 MW
Co.r'0.95 = 18.19"
7fln23.07" =0.329
9.6 MW xO.329 = 3.155 MVAr

Modeling DGl with this MVAR applied, the ERACS results are shown in
Figure 5.13 and Table 5.7 below.
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Location

38 kV Voltage

110 kV Substation ‘A’

41.600

38 kV Substation ‘B’

42.319

38 kV Substation ‘C’

42.146

38 kV Substation ‘D’

41.701

110 kV Substation ‘E’

41.422

38 kV Substation ‘F’

42.535

Table 5.7
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110 kV Substation ‘E’

5.2 Method 1; Utilising the Distributed Generator - TA Study
The voltage at substation F has dramatically dropped to 42.535 kV. This now
concludes that if DGl operates at a power factor of 0.95 leading then DG3 can be
connected without a voltage rise issue. The modeling had been carried out with DG2
and DG3 operating at 0.92 power factor lagging. The study was again with all three
DGs operating at the same power factor of 0.95. The ERACS results are shown in
Figure 5.14 and Table 5.8 below.
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Location

38 kV Voltage

110 kV Substation ‘A’

41.600

38 kV Substation ‘B’

42.545

38 kV Substation ‘C’

42.307

38 kV Substation ‘D’

41.794

110 kV Substation ‘E’

41.445

38 kV Substation ‘F’

42.694

Table 5.8

The result is conclusive as the maximum voltage seen on the network is
42.694 kV. Carvalho, Pedro M. S., et al. propose how reactive power can be
automatically controlled to mitigate voltage rise [47]. Wallace, A. R. and Kiprakis,
A. E., also discuss and propose a method of how reactive power control can be
achieved on the network [31].
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5.3 Method 2: The Feeder Conductor CSA - TA Study

5.3

Method 2: The Feeder Conductor CSA - TA Study

As discussed, if the cross sectional area of a conductor is increased, and providing
that both conductors are made from the same material, the resistance of the larger
CSA conductor will have a lower resistance. If the resistance of the feeder conductor
is reduced, then the voltage rise caused by IxR will reduce. The voltage IxX will
reduce due to the small reduction in the reactance of the large conductor.
Figure 5.15 shows V2 larger in magnitude than Vi.

Figure 5.15

If the resistance of the feeder is now reduced, the voltage rise caused by IR is
also reduced, as seen in Figure 5.16 below. V2 and V] are almost equal now in
magnitude.

Figure 5.16

By increasing the cross sectional area of the feeder conductor from 100 mm to, for
example, 300 mm^, the resistance of the conductor will decrease to almost a third,
but the reactance will not reduce by a significant amount.
The conductors available at 38 kV and their characteristics are as follows:

-
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5.3 Method 2: The Feeder Conductor CSA - TA Study
Conductor

Resistance

Reactance

mm^

Q

Q

100

0.368

0.392

150

0.22

0.392

200

0.182

0.399

300

0.122

0.356

Table 5.9

When determining what section of conductor to upgrade, the main 38 kV
‘path’ between the two 110 kV substations should be examined as this would need to
be the ‘strongest’ part of the network and can be utilised for future growth. The 38
kV feeder branches have already been designed for the load they are to carry but
future considerations must always be kept in mind.
The section to be examined first is the shortest section, which is between 38
kV substation D and 110 kV substation F and it is 15.7 km in length. The conductor
CSA was upgraded from 100 mm^ to the next available conductor size, which is 150
mm^. The ERACS results are shown in Figure 5.17 and Table 5.10 below.
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5.3 Method 2: The Feeder Conductor CSA - TA Study
Location

38 kV Voltage

110 kV Substation ‘A’

41.600

38 kV Substation ‘B’

42.526

38 kV Substation ‘C’

42.288

38 kV Substation ‘D’

41.607

110 kV Substation ‘E’

41.500

38 kV Substation ‘F’

42.808

Table 5.10

The highest voltage now seen on the network is 42.808 kV, which is a drop of
approximately:
43.209-42.808 = 0.4 A: V

The shortest section is selected, as it would be the least cost to upgrade. But
this is an assumption, as the terrain, land access and time of the year, for example,
with crops, might make this a very expensive upgrade. And the project may be
delayed by some time. Selecting a longer section of the network may turn out to be
more time and cost effective.
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5.4 Method 3: Downline Autotransformer with OLTC - TA Study

5.4

Method 3: Downline Autotransformer with OLTC TA Study

This autotransformer is reducing the voltage on its secondary side; this has the
similar affect of reducing the feeding substation voltage. Figure 5.18 below shows
the voltage Vi at the 38 kV busbar at the feeding 110 kV substation.

Figure 5.18

In Figure 5.19 below, Vi is reduced in magnitude and V2 has reduced in magnitude
also.

Figure 5.19

The downline autotransformer is now positioned on the feeder where it can
select what the voltage Vi should be. If the transformer is located at a suitable
location, then it can be utilised for further DGs to be connected to the network. This
may be of benefit to the IPP of DG3 as there may be a rebate or a sharing of the cost
of the installation of the autotransformer with a new IPP. The grid voltage is set at
41.6 kV at the 110 kV substation E.
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5.4 Method 3: Downline Autotransformer with OLTC - TA Study
After completing a number a studies on the ERACS program, it was
determined that the most suitable location was at 38 kV substation D. The ERACS
results are shown in Figure 5.20 and Table 5.11 below.
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Figure 5.20

Location

38 kV Voltage

110 kV Substation ‘A’

41.600

38 kV Substation ‘B’

41.892

38 kV Substation ‘C’

41.650

38 kV Substation ‘D’

41.911

110 kV Substation ‘E’

41.474

38 kV Substation ‘F’

42.178

Table 5.11

Positioning the transformer at this location ensured that the voltage rise issue
was mitigated successfully. To confirm the results, Table 5.11 above shows the
highest voltage on the network to be 42.178 kV. The strategic location of this
autotransformer should be examined thoroughly and not necessarily where the
voltage rise is an issue. If this autotransformer was located at substation F, then any
future connections of DCs on the network may not get the benefit of this
autotransformer and more finance and labor would be required on future network
reinforcements.
An outstanding issue with this method is as follows; if the busbar the
autotransformer is attached to is within voltage standard, how would the
autotransformer determine there is a voltage rise somewhere in the feeder?
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5.4 Method 3: Downline Autotransformer with OLTC - TA Study
What would make the autotransformer tap up and down windings as required? A
closed loop control method may be one solution to this problem [23; 50].

Summing
Junction

Figure 5.21

By connecting a transducer to the secondary of a 38 kV VT at all 38 kV
busbars on the feeder, it would be possible to communicate their readings back to a
centralised control unit at the substation where the autotransformer is located.
Whenever the voltage at any one of the 38 kV busbars reached a set voltage point,
then the centralised control unit would inform the OLTC of the autotransformer and
it would automatically tap up or down according to the system requirement. This
configuration could be classified as a smart network.
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5.5

Method 4: Limiting the Distributed Generator Export
- TA Study

Limiting the DG output will result in the voltage rise receding. Figure 5.22 below
shows the voltage V2 exceeding the Vi and also exceeding the maximum allowable
voltage. Both the DG and the load are absorbing VARs from the grid. The DG is
exporting active current to the local load and exporting the excess back into the grid.
A voltage rise is now an issue on the network.

Figure 5.22

By reducing the active current export from the DG to a level where it is not
supplying the entire local demand load, the grid will now have to supply part of the
watt requirement of the load, as shown in the phasor diagram in Figure 5.23 below.

Figure 5.23

After completing a study on the ERACS system, the maximum voltage on the
network is 43.0 kV when DG3 is limited to 0.7 MW and -0.23 MVAR, which is 0.95
power factor leading. The ERACS results are shown in Figure 5.24 and Table 5.12
below.
-
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5.5 Method 4: Limiting the Distributed Generator Export - TA Study

110 kV Substation 'E'

110 kV Substation ‘A'

Location

38 kV Voltage

110 kV Substation ‘A’

41.600

38 kV Substation ‘B’

42.572

38 kV Substation ‘C’

42.485

38 kV Substation ‘D’

41.938

110 kV Substation ‘E’

41.522

38 kV Substation ‘F’

43.004

Table 5.12

The maximum output of the DG was:
Output

MW

MVAR

Network Voltage (kV)

Maximum

3.56

-1.17

43.209

Minimum

0.7

-0.23

43.0

Table 5.13

This is approximately 2.86 MW reduction in output power, which is 20% of
the possible output power of the machine. This is not an easy decision to be made by
the IPP. An IPP and the financial institution who may be funding the project would
prefer to have the DG operating at full output 100% of the time, this means revenue
will be maximised. The fact that it may be reduced to 20% output for certain periods
of time may entice the IPP to invest in ensuring the DG can export full capacity
100% of the time. An issue with this method is how DG3 knows that there is a
voltage rise in the feeder remote from the busbar it is connected to.
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5.5 Method 4: Limiting the Distributed Generator Export - TA Study
What would make DG3 reduce its output as required? A closed loop control method
may be one solution to this problem [23; 50].

Summing
Junction

Figure 5.25

By connecting a transducer to the secondary of a 38 kV VT at all 38 kV
busbars on the feeder, it would be possible to communicate their readings back to a
centralised control unit at the substation where DG3 is located. Whenever the voltage
at any one of the 38 kV busbars reached a set voltage point, the centralised control
unit would inform the output power controller of DG3 and it would automatically
decrease or increase its output according to the system requirement. This
configuration could be classified as a smart network.
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5.6

Method 5: Adjusting the Primary Substation Voltage TA Study

Adjusting the secondary terminal voltage of the 110/38 kV transformers at the
feeding 110 kV substation will reduce the overall 38 kV feeder voltage. Figure 5.26
below shows V2 exceeding V] due to the impact of the DG.

v.

Figure 5.26

In Figure 5.27 below, Vi is reduced in magnitude and V2 has reduced in
magnitude also.

Figure 5.27

The grid voltage is set to 41.474 kV at the 110 kV substation E and the
voltage increases along the feeder to the highest point back at the 38 kV substation F.
After a completing a study on the ERACS system, the maximum voltage on the
network is now 42.966 kV when the 38 kV busbar voltage at 110 kV substation E is
reduced to 41.249 kV. The ERACS results are shown in Figure 5.28 and Table 5.14
below.
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5.6 Method 5: Adjusting the Primary Substation Voltage - TA Study
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Location

38 kV Voltage

110 kV Substation ‘A’

41.600

38 kV Substation ‘B’

42.685

38 kV Substation ‘C’

42.447

38 kV Substation ‘D’

41.769

110 kV Substation ‘E’

41.249

38 kV Substation ‘F’

42.966

Table 5.14

This is reduction in voltage is:
41.6-4l.249-0.35UV

If one of the DG sets tripped, how would this alter the magnitude of the 38
kV busbar voltage at 110 kV substation E? The largest generator set to trip out would
be DGl, which is 9.6 MW. After completing a study of this scenario, as can be seen
below, the voltage in the network remained quite strong. At no point, on the network,
has the voltage dropped below 41.0 kV. The ERACS results are shown in Figure
5.29 and Table 5.15 below.
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5.6 Method 5: Adjusting the Primary Substation Voltage - TA Study
The results of the study earried out on ERACS are as follows:
Location

38 kV Voltage

llOkV Substation ‘A’

41.600

38 kV Substation ‘B’

41.538

38 kV Substation ‘C’

41.295

38 kV Substation ‘D’

41.235

110 kV Substation ‘E’

41.263

38 kV Substation ‘F’

41.295

Table 5.15

It must be noted that the demand load on the network is at its lowest and so,
the voltage drop on the feeder would be small. If there was more demand load on the
feeder, it would absorb the output of the local DGs and so, voltage rise would not be
an issue and the set-point sending voltage at the 110 kV substation would not have to
be lowered in any way.
An outstanding issue with this method is as follows; if the busbar that the
feeding transformer is attached to is within voltage standard, how would the OLTC
determine there is a voltage rise somewhere in the feeder? What would make the
OLTC tap up and down windings as required? A closed loop control method may be
one solution to this problem [23; 50].

Summing
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Figure 5.30
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5.7 Method 6: Shunt Reactance - TA Study
By connecting a transducer to the secondary of a 38 kV VT at all 38 kV
busbars on the feeder, it would be possible to communicate their readings back to a
centralised control unit at the feeding substation. Whenever the voltage at any one of
the 38 kV busbars reaehed a set voltage point, the centralised eontrol unit would
inform the OLTC of the transformers and it would automatically tap up or down the
windings according to the system requirement. This configuration could be classified
as a smart network.

5.7

Method 6: Shunt Reactance - TA Study

A shunt reactanee is installed on the feeder to absorb VARs. When VARs are
absorbed from the network the voltage will decrease. Strategically placing the shunt
reactor on the network will mitigate all possible voltage rise scenarios and aid in the
mitigation of voltage rise due to the connection of future DGs on the feeder, in the
majority of cases, depending on the location of the future DGs.
For example, a shunt reactor is placed in parallel with a DG and they are
connected to the same busbar, they ean then be assumed to be the one machine. It
can be concluded that the DG is now operating at a power factor of below 0.92, e.g.
0.8. This means that the DG is now operating outside its DSO Code requirements in
whieh it is stipulated that all DGs must operate at 0.95 to 0.92 leading (lagging from
the DSO point of view). There are extra VARs (wattless energy) now flowing in the
feeder, which the DSO must supply. This is a waste of energy and it is not a scenario
that the DSO wants and this is one of the reasons that the DSO does not currently use
this method as a voltage rise mitigation method.
The phasor diagram below shows a DG operating at a leading power factor
but because it is exporting excessive active current there is now a voltage rise in the
network, V2.
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5.7 Method 6; Shunt Reactance - TA Study

Figure 5.31

To mitigate the voltage rise, the shunt reactor can now be switched into
circuit and it can absorb more VARs from the grid. Figure 5.32 below shows the
effects of this on voltage V2.

Figure 5.32

The voltage V2 has now reduced in magnitude. The ERACS results are shown
in Figure 5.33 and Table 5.16 below.
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5.7 Method 6: Shunt Reactance - TA Study
Location

38 kV Voltage

110 kV Substation ‘A’

41.600

38 kV Substation ‘B’

42.717

38 kV Substation ‘C’

42.479

38 kV Substation ‘D’

41.801

110 kV Substation ‘E’

41.446

38 kV Substation ‘F’

42.998

Table 5.16

The shunt reactor was positioned at substation D, on the 38 kV busbar. By
setting the shunt reactor to absorb 1.9 MVAR from the grid, the highest voltage seen
on the network is 42.998 kV. This method proves that the shunt reactor mitigates the
voltage rise. But there ai'e two outstanding issues with it.
Absorbing extra VARs means more current flowing in the network. This is
wattless energy and if a load customer exceeded their contractual power factor
agreement with their supplier, then they will incur a harsh financial penalty. It may
be possible that the DSO could attach a revenue and power quality meter to the shunt
reactor and every time it is called for due to high voltages, the owner of DG3 will
have to pay what wattless energy the shunt reactor absorbed.
The other issue is how does the shunt reactor know that there is a voltage rise
in the feeder, if the busbar it is attached to is within voltage standard. What would
make the shunt reactor switch into circuit and tap up and down windings as required?
A closed loop control method may be one solution to this problem [23; 50].
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5.7 Method 6: Shunt Reactance - TA Study

Summing
Junction

Figure 5.34

By connecting a transducer to the secondary of a 38 kV VT at all 38 kV
busbars on the feeder, it would be possible to communicate their readings back to a
centralised control unit at the substation where the shunt reactor is located. Whenever
the voltage at any one of the 38 kV busbars reached a set voltage point, the
centralised control unit would switch the shunt reactor into circuit and the OLTC of
the shunt reactor would automatically tap down or up according to the system
requirement. This configuration could be classified as a smart network. The cost of
communications equipment and the future maintenance may make this method too
costly for some mitigation requirements, but it is a method that warrants future
research.
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5.8 Method 7: Construct a New Dedicated Feeder - TA Study

5.8

Method 7: Construct a New Dedicated Feeder - TA
Study

Installing a new dedicated feeder has the same electrical attributes as increasing the
feeder conductor cross sectional area. However, it may or may not be the most
practical or financial method of mitigating voltage rise. In Figure 5.35 below it can
be seen that a new dedicated feeder for DG3 has been constructed. This new feeder is
approximately 29 km in length.
It is shown in the ERACS graphic below that using 100 mm" conductor for
the feeder ensures that the highest voltage on that feeder is approximately 42.0 kV,
which is within standard. The ERACS results are shown in Figure 5.35 and Table
5.17 below.
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Figure 5.35

Location

38 kV Voltage

110 kV Substation ‘A’

41.600

38 kV Substation ‘B’

42.250

38 kV Substation ‘C’

42.201

38 kV Substation ‘D’

41.684

110 kV Substation ‘E’

41.457

38 kV Substation ‘F’

42.723

38 kV Substation ‘DG3’

42.012

Table 5.17

It has been shown when utilising the smallest conductor (100 mm“) that the
DSO uses on the 38 kV network, voltage rise is not an issue.
-
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5.10 Method 2; The Feeder Conductor CSA - LC Study
But the problem with this solution is the length of the feeder. 29 km is a long length
and it may take time to obtain planning permission and land access. A build of this
length can be quite costly financially.

5.9

Method 1: Utilising the Distributed Generator - LC
Study

It is a requirement by the DSO that all DGs connected to the network must be
capable of operating at 0.95 to 0.92 power factor leading, this means the machine
must absorb VARs from the system. DGl, DG2 and DG3 must all be capable of
performing in this way so that there is no extra financial cost of installing or
upgrading equipment, in order to allow DG3 export watts during low base demand
on the network. It has been studied and concluded that if all three DGs connected to
the feeder operate at 0.95 power factor leading then the voltage rise is mitigated.
There is no cost involved with this method as it is a requirement in the DSO
Code, and therefore, no retrofitting is required. The DSO would have no problem
with this solution as it is as per the DSO Code. The IPP would have no problem with
this solution as the machine(s) would have the capability to do so as per the DSO
Code.

5.10 Method 2: The Feeder Conductor CSA - LC Study
The section of the conductor that was upgraded from 100 mm to 150 mm was
approximately 15.7 km in length. The DSO would prefer this option as it keeps the
system structure very much unchanged. There is less complication with operational
switching. Any losses on the line are reduced. Based on ‘Standard Prices for
Generators 2008’, the cost of this line upgrade is as follows [54]:
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5.10 Method 2: The Feeder Conductor CSA - LC Study
Voltage

Conductor

Length of

CSA

Conductor

€/km

Total CostC

78,000

1,224, 600

(km)
38 kV

150 mm'^

15.7
Table 5.18

It can be seen that this is an expensive solution. For the developer, many risks
are involved with this solution. If there is an upgrade required in the conductor size,
then access to land will be required. Depending on the time of the year, it may not be
possible to gain access to land due to crops or also if the land is very wet it may not
be possible to transverse. Landowners may not be willing to have their land
damaged. This can delay a project by months.
If the line is heavily loaded then it may not be possible to attain a prolonged
outage, especially during the winter peak demand. The only time an outage may be
acquired is during the low load demand time in the summer. If a new line had to be
constructed to a new DG, for example, a wind farm, then much consideration must
be given to the difficulties involved in doing so. For all new overhead power lines
which will operate at 38 kV and above, require planning permission. Objections at
the planning stage may be from landowners, local residents and local authorities. The
proposed route of the line may be through SACs or SPAs, this again can make it very
hard to attain planning permission. Because wind farms are located on scenic hills
and mountains the routes of overhead lines may be difficult to attain.
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5.11 Method 3: Downline Autotransformer with OLTC - LC Study

5.11 Method 3: Downline Autotransformer with OLTC LC Study
The proposal for this project is to install an autotransformer at 38 kV substation D,
on the 38 kV substation C feeder. This ensures that voltage rise will not become an
issue on the 38 kV network.

Item

Cost € / item

Total Cost €

Autotransformer 20 MVA

200,000

200,000

38 kV Cubicle

2

170, 000

340,000

Closed Loop

1

100,000

100,000

Size /
Quantity

Control
640, 000
Table 5.19

The risks in completing this voltage rise migration measure are much less for
the developer. Planning permission is still required, as per the overhead line, but this
equipment is to be installed in the DSO substation. There may be a requirement for
an outage of the 38 kV busbar in the 38 kV substation to connect the two 38 kV
autotransformer cubicles to it. This usually takes only 1 - 2 weeks, and not the long
duration that the overhead line may require.
The cost of the solution is significant but it is approximately half that of the
overhead line solution. This solution is technically acceptable but it is not ideal for
the DSO. During operational switching, great care must be taken to ensure the
voltage quality is not affected to the customers connected to that network. The
autotransformer may have to be brought to neutral tap to ensure the 110/38 kV
transformers’ on OLTC are in the correct tap position before switching commences.
As discussed earlier, this transformer is an inductor and so the MVAR on the
network have changed in magnitude.

-
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5.12 Method 4: Limiting the Distributed Generator Export - LC Study
There is also now a closed loop control on the network, which is regulating the
OLTC of the autotransformer. This now adds to the complexity of operational
switching.

5.12 Method 4: Limiting the Distributed Generator Export
- LC Study
The deep reinforcement costs with this method are not large in comparison to other
methods but it has major financial consequences for the developer. If the developer
did not want to invest in reinforcing the network, it may be possible to reduce the
output from the generator during times of low demand load so that the voltage on the
network does not rise above the maximum level. The frequency of this requirement
during a 12-month period can only be predicted based on the demand load
requirements of the previous year and so there is an uncertainty as to what the actual
production of the DG will be for the coming year. This is not where most developers
want to be, or the financial institutions that are supporting the project. A clear and
definite plan about revenue from the DG must be put in place before finance can be
attained for most developers.
It was concluded from the study that the generator must operate at 20% of its
maximum output, which is 0.7 MW and -0.23 MVAR. 20% is a large reduction in
export capacity. To ensure that this method functions correctly on site and correctly
mitigates the voltage, the closed loop method must be installed on the network.

Item

Cost € / item

Total CostC

1

100,000

100,000

varying

varying

varying

Size /
Quantity

Closed Loop
Control
DG MW
Output

Table 5.20
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5.13 Method 5: Adjusting the Primary Substation Voltage - LC Study
Limiting the DG’s output can have major consequences if future DGs are
connected to the feeder. It is clear from the studies carried out that as more
generation is exported into the feeder the voltage will rise. This would mean that
future DGs would have to reduce to zero output, depending where they are on the
network. If the IPP of the new DG decided they would invest in the reinforcement of
the feeder to allow full export all of the time, then by default, DG3 may now export
more generation at times of low load. They would be entitled to refuse contributing
to the cost of the network reinforcement, so a stalemate might occur.

5.13 Method 5: Adjusting the Primary Substation Voltage LC Study
After completing the studies on ERACS, it was concluded that reducing the feeding
substation voltage to 41.249 kV would facilitate the extra capacity of DG3. To
enable this method to work correctly it would have to alternate this voltage as
required automatically. This would have to be done by utilising the closed loop
control method.

Item

Size /

Cost € / item

Total Cost €

100,000

100,000

Quantity
Closed Loop Control

1

Table 5.21

The DSO would not be inclined to accept such a mitigation method if other
feeders are fed off the 38 kV busbar at the feeding 110 kV substation and they only
have load demand connected, as? there will be a voltage drop at the end of the
feeders. The DSO operators always try to ensure that the sending set-point voltage is
41.6 kV. This study concluded that the set-point sending voltage must drop to 41.249
kV to mitigate voltage rise on a particular feeder. This may cause low voltage issues
on other feeders.

-
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5.14 Method 6: Shunt Reactance - LC Study
If other feeders connected to the same feeding substation 38 kV busbar now have
DGs connected on them, they may require the primary substation voltage to drop at
times when DGs on other feeders are not exporting at full capacity and voltage rise is
not an issue.
To get a balance, an autotransformer would have to be installed at the start of
each individual feeder at the feeding 110 kV substation. The closed loop control
would still be in place but it would be the OLTC of the individual autotransformers
that would be operated and not the common busbar voltage.

5.14 Method 6: Shunt Reactance - LC Study
The physical installation of this method is very similar to the autotransformer. The
Shunt reactance only requires one 38 kV cubicle at the selected 38 kV substation.
The proposal for this project is to install a shunt reactor at 38 kV substation D
busbar. This ensures that voltage rise will not become an issue on the 38 kV network.

Item

Size /

Cost € / item

Total CostC

Quantity
Shunt Reactance

lOMVA

200,000

200,000

38 kV Cubicle

1

170, 000

170,000

Closed Loop Control

1

100,000

100,000

Metering

2

10,000

20,000
490, 000

Table 5.22

Planning permission is required for the installation at the 38 kV substation.
There may be a requirement for an outage of the 38 kV busbar in the 38 kV
substation to connect the 38 kV shunt reaetor cubicle to it. This usually takes 1 - 2
weeks. This solution is technically acceptable but it is not ideal for the DSO. During
operational switching, great care must be taken in ensuring the voltage quality does
not affect the customers connected to that network.
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5.15 Method 7; Construct a New Dedicated Feeder - LC Study
The shunt reactor may have to be brought to a neutral tap to ensure the 110/38
kV transformers OLTC are in the correct tap position before switching commences.
There is also now a closed loop control on the network, which is regulating the
OLTC of the autotransformer. This now adds to the complexity of operational
switching.
The VARs absorption must be metered and paid for. Assuming the IPP of
DG3 pays for this usage, how would this metering be carried out if future DCs were
connected to the network? How can it be determined which DG is utilising the shunt
reactor? The easiest way of solving this would be to install an individual shunt
reactor at IPP substations.

5.15 Method 7: Construct a New Dedicated Feeder - LC
Study
This solution is going to be the most physically difficult to construct and the most
expensive. After completing the study on ERACS it was concluded that a feeder
consisting of 29 km of 100 mm“ conductor would be sufficient to support the
maximum export of DG3. Based on ‘Standard Prices for Generators 2008’ the cost of
the this line upgrade is as follows:

Voltage

Conductor

Length of

CSA

Conductor

€ / km

Total CostC

65,000

1,885,000

(km)
38 kV

100 mm"^

29
Table 5.23

It can be seen that this is an expensive solution. For the developer, many risks
are involved with this solution. Planning permission must be acquired for the line.
This can take a minimum of 6 months. The proposed route of the line may be
through SACs or SPAs, this again can make it very hard to attain planning
permission. Because wind farms are located on scenic hills and mountains the routes
of overhead lines may be difficult to attain.
-
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5.16 Ranking: LCTA Method
Depending on the time of the year, it may not be possible to gain access due
to crops in the fields or if the land is very wet it may not be possible to transverse.
Landowners may not be willing to have their land damaged. This can delay a project
by up to 6 months. If the line is eventually built and the DG is exporting, and after a
few years the DG is removed from the system, then the ‘new’ line is now a stranded
asset, as it is not being utilised. The fact that it is has 100 mm^ conductors and such a
long length, it may not be such a useful line after years of demand load growth.

5.16 Ranking: LCTA Method
Combining the technically acceptable methods studies with the least cost conclusions
the following ranking can be applied to each method:

1) Method 1: Utilising the Distributed Generator
There is no major cost associated with this method. If the machines operate to what
the DSO Code requires then voltage rise mitigation will be achieved.

2) Downline Autotransformer with OLTC
This method has been utilised already in Ireland to mitigate voltage rise. The existing
autotransformer does not have the proposed closed loop control application, so there
is an extra cost in implementing this requirement for this project.

3) The Feeder Conductor CSA
This method has been utilised already in Ireland to mitigate voltage rise. There is an
initial cost to upgrade the network but no more operational traps or closed loop
controllers are required. The 38 kV network remains the same for operational
purposes. The IPP can operate DG3 at full capacity 365 days of the year.

4) Adjusting the Primary Substation Voltage
This is not an approved method of voltage rise mitigation in Ireland. But it is used in
this thesis as a possible method that requires future detailed study.
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5.16 Ranking: LCTA Method
The DSO would not be inclined to accept such a mitigation method if other feeders
are fed off the same 38 kV busbar at the feeding 110 kV substation, as it may lead to
a low voltage at the end of the other feeders. The DSO sending set-point voltage is
41.6 kV and this study concluded that the set-point sending voltage must drop to
41.249 kV to mitigate voltage rise on a particular feeder. If future DGs were
connected onto these other 38 kV feeders and they were causing a voltage rise, then
adjusting the primary substation voltage may be a difficult method to implement as
reducing the voltage further may exacerbate the low voltage on other feeders even
further. This may require installing an autotransformer at the start of the specific
feeders in which voltage rise may be an issue.
This method of voltage rise mitigation is possible but it requires the network
to become more like a smart grid with the closed loop control. This would be a
fundamental change to the way in which distribution networks are currently
operating.

5) Limiting the Distributed Generator Export
This is not an approved automatic method of voltage rise mitigation in Ireland. This
method requires the installation of a communications network between the 38 kV
substations connected to the feeder and a centralised control unit, which controls the
power output of the generator. This method is based on whether the IPP is willing to
go with such a method. There may be huge financial losses if their DG unit is
restricted and cannot export at full capacity.

6) Shunt Reactance
This is not an approved method of voltage rise mitigation in Ireland. This method
requires the installation of a shunt reactor at a 38 kV substation. It also requires the
installation of a communications network between the 38 kV substation connected to
the feeder and a centralised unit which can control the autotransformers OLTC. This
method has major consequences for the DSO as there is extra wattless energy
flowing in the network.

-
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5.17 Chapter Summary
7) Construct a New Dedicated Feeder
This method has been utilised already in Ireland to mitigate voltage rise. It is clear
from the financial analyses that it is too expensive and time consuming to pursue this
option for this particular project.

5.17 Chapter Summary
This chapter was based on an actual voltage rise issue in Ireland. When a third DO
(DG3) was proposed to be connected to the network, the study revealed that a
voltage rise would now exceed the maximum allowable limit. On normal forward
feed the voltage limit was not exceeded but on backfeed, the limit was exceeded. It is
good engineering planning to study all possible network and load configurations.
Each of the seven voltage rise mitigation methods have been studied on this section
of network.
The first method that was used is utilising the DG. After much study it was
concluded that it required DG3, DGl and DG2 to all operate at a leading power
factor of 0.95. DGl and DG2 have been installed for quite a number of years and
were operating at close to unity power factor. By utilising the power factor capability
of all three DGs it was possible to reduce the voltage to an acceptable level.
The second method that was studied was to increase the cross sectional area
of the feeder(s). There are four standard sizes for 38 kV overhead lines and they
include 100 mm^, 150 mm^, 200 mm^ and 300 mm^. The shortest section of the
network, which was 15.7 km, was upgraded from 100 mm^ to 150 mm“ and
immediately the voltage on the network came within standard. As outlined in the
chapter, the shortest section of line may not be the most cost effective.
The third method that was analysed was to install a downline autotransformer
with OLTC. The transformer is selected to be located at 38 kV substation ‘D’. This
allows the autotransformer to be utilised for further voltage rise mitigation due to
future DGs connected to the network.
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5.17 Chapter Summary
However, following the study it became apparent that the autotransformer would not
know the voltage had exceeded the maximum limit on the feeder, as the voltage at its
own busbar is within standard. A proposal is to use a closed loop control method,
which will allow monitoring of the busbar voltages on the entire feeder and the
OLTC of the autotransformer can be operated as required automatically.
The fourth method is to limit the DG export. This was concluded to mitigate
the voltage rise but the study has shown some major limitations. A DG unit exporting
into the network may have voltage at its local busbar below the maximum level but it
may also be forcing the voltage over the maximum allowable limit at some other
point on the network. Again, a closed loop method is proposed to be utilised which
will require voltage measurements from all the 38 kV busbars on the feeder so the
DG can alter/decrease its output accordingly.
The fifth method is to adjust the primary substation voltage. This is proven to
work satisfactorily and by reducing the voltage from 41.6 kV to 41.249 kV the
voltage on the feeder came within standard. The study has again shown limitations to
this method, for example, why would the OLTC at the primary substation alter the
voltage at its busbar if its voltage is within standard, even though the voltage limit is
exceeded somewhere else on the feeders. This again would require a method of
feeding all busbar voltage measurements on the feeder back to the primary substation
so that the OLTC at the substation alters the sending voltage accordingly.
The sixth method was to strategically place a shunt reactor at substation D.
This was proven to work satisfactorily in the studies. As per previous methods, the
shunt reactor would have to operate if voltage on the feeder was above the maximum
limit and even though its own local busbar voltage was within the limit. This would
require a method of feeding all busbar voltages on the feeder back to the shunt
reactor substation and for the reactor to react accordingly.
The seventh method was to construct a new 29 km dedicated feeder. This was
proven to work adequately but financial cost and planning permission for example,
may make this option not viable.
Basing the costs on ‘standard prices for generators 2008’, each of the seven methods
of voltage rise mitigation was analysed. The cheapest method was in utilising the DG
and the most expensive method was to construct a new dedicated feeder.
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5.17 Chapter Summary
The DSO planner must determine the least cost technically acceptable method and
the highest ranking was utilising the DG method. There were no major costs
associated with this method and if the generators operate to what the DSO code
requires, then voltage rise mitigation will be achieved.
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Chapter 6
Conclusion
It can be seen from the studies carried out in this thesis that it may be possible to
mitigate voltage rise due to DG with various methods but each project is unique and
no one type of mitigation method can be called the ‘least cost technically acceptable’
for all.
There were seven methods analysed in this thesis
•

Utilising the Distributed Generator

•

The Feeder Conductor CSA

•

Downline Autotransformer with OLTC

•

Limiting the Distributed Generator Export

•

Adjusting the Primary Substation Voltage

•

Shunt Reactance

•

Construct a New Dedicated Feeder

‘Utilising the distributed generator' can be concluded to be the simplest and least
cost method to implement. It was seen from the study that if DGl and DG2 operated
at a leading power factor of 0.95, then it would be possible for DG3 to export at full
capacity during periods of low demand load. DG3 would also have to operate at a
leading power factor of 0.95. The requirement for all three machines to operate at
this leading power factor is written in the Distribution Code, which all generator
units connected to the distribution network must adhere to.

‘The feeder conductor CSA ’ can be concluded to be a very satisfactory method of
voltage rise mitigation. From the DSO’s point of view, the physical appearance of
the network has not changed and the operation of the network has not significantly
changed.

-
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6. Conclusion
From the IPP point of view, this method can be financially expensive, depending on
the length of the conductor that must be upgraded. It was concluded in the study that
upgrading one section of the feeder from 100 mm to 150 mm can mitigate the
voltage rise. The structures, poles and end masts that are required for a 100 mm and
150 mm^ conductor are similar. If the upgrade required a 300 mm^ conductor then
angle masts would be required at each change of direction in the line and planning
permission would be required for them. Planning permission can take approximately
6 months to attain. Depending on the time of the year, wet ground and crops for
example, may make it more challenging to gain access into the land. This can slow
the project down and the energisation date may be pushed out further.
Again, depending on the time of the year, it may be difficult to attain a
sustained outage of the feeder. It may only be during the summer low demand that
the DSO will grant permission to switch out the line for upgrade. If the IPP does
decide to proceed with this method, then it may be possible to get a partial rebate if
future DGs connect to the same feeder. These new DGs may now have a feeder that
is capable of accepting their generation, but to connect, they may be required to pay a
percentage of the cost of the line upgrade.

‘Downline Autotransformer with OLTC’ can be concluded as a satisfactory
method of voltage rise mitigation. From the DSO point of view, this method is
technically acceptable and it is being utilised already in Ireland to mitigate voltage
rise due to DG on a weak network. The project which has this already operational in
Ireland does not have the closed loop control method in place, but the
autotransformer is situated at the busbar in which the voltage rise is an issue, so it is
monitoring the voltage at the ‘problem’ site. Positioning an autotransformer on a
specific feeder ensures that only the voltage on that feeder is altered. If the primary
substation voltage was altered, then all feeders connected to that busbar would be
altered, which may mean low voltage issues in some feeders. From the IPP point of
view, this method has certain timelines that will add to the project completion date
and ultimately the energisation date of DG3. Planning permission must be acquired
for the two 38 kV cubicles and the autotransformer at the substation.
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6. Conclusion
If the IPP does deeide to proceed with this method, then it may be possible to get a
partial rebate if future DGs connect to the same feeder. These new DCs may now
have a feeder that is capable of accepting their generation, but to connect, they may
be required to pay a percentage of the cost of the autotransformer installation.

‘Limiting the Distributed Generator Export' this method of voltage rise
mitigation is not used by the DSO in Ireland. This was shown to be an effective
method of mitigating voltage rise in the ERACS model. Limiting the DG has major
consequences for both the DSO and the IPP. For the DSO to limit the output of DG3,
feedback of the 38 kV voltages at the substations on the feeder is critical so that the
output of the generator can be controlled. This theory has been studied and
concluded to operate satisfactorily on ERACS.
If a future DG now wants to connect to the same feeder but is unwilling to
also restrict their machine during times of low demand load, they may decide to
invest in the reinforcement of the network. This now allows them to export at full
capacity all of the time. A new DG may not be willing to share the cost of this
upgrade but they will benefit from it. This now makes this method extremely
difficult to accept as ‘technically acceptable’. For the IPP this method requires DG3
to operate at only 20% of its full output during times of low demand load. The IPP
and their financial investors want DG3 operating at full output all of the time. Not
clearly knowing when DG3 will be restricted makes the investment less inviting.

‘Adjusting the Primary Substation Voltage’ this method of voltage rise
mitigation is not used by the DSO in Ireland. This was shown to be an effective
method of mitigating voltage rise in the ERACS model. This has major consequences
for the DSO. Altering the primary substation busbar alters the voltage for all feeders
connected to that busbar. This may mean low voltage problems on some feeders.
Instead of adjusting the primary substation voltage it would be best to alter just the
‘problem feeders’ voltage. This would require installing an autotransformer at the
start of each feeder leaving the feeding substation.
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6. Conclusion
If future DCs connected to the same feeder, then the voltage would have to be lower
further exacerbating the low voltage issue on other feeders. For the IPP adjusting the
primary substation voltage has no major consequence except closed loop control
must be installed, monitoring all the 38 kV substation voltages on the feeder.

‘Shunt Reactance’ method of voltage rise mitigation is not used by the DSO
in Ireland. This was shown to be an affective method of mitigating voltage rise in the
ERACS model. In the study the reactor was placed at the most effective location for
both mitigating the voltage rise and aiding in the mitigation of voltage rise for future
DCs on the feeder. From the DSO’s point of view, extra VARs are now required
from the network and so the absorption of these VARs should be metered and
charged for. Coupled with the shunt reactor, the DG unit is now breeching the limits
outlined in the DSO Code, which is 0.95 - 0.92 leading (lagging from the IPP’s point
of view).
The problem is, if future DGs connect to the feeder then how would it be
determined what DG is utilising the shunt reactor at any one time? A solution may
be to install the shunt reactor at the same location as the DG unit and meter
specifically to that unit. If voltage rise caused by a DG appeared on another part of
the network and if another DG’s reactor compensated for it, then that IPP would be
billed for a problem that wasn’t their DG’s fault. The network may have to become
sterilised and no further DGs can connect.

‘Construct a New Dedicated Feeder’ this method of voltage rise mitigation is
used by the DSO in Ireland. This was shown be an affective method of mitigating
voltage rise in the ERACS model. This method is the most onerous on the IPP.
Constructing a 38 kV line may take a considerable amount of time [55]. Planning
permission for the line must be sought and this takes a minimum of 6 months. If the
route of the line is through SPAs or SACs, then more time may be required with
attaining the planning permission. The type of terrain, be it, wet, rocky or large
gradients for example, may slow the pace of the build. Depending on the time of the
year, it may not be possible to get permission to work in fields due to crops growing
in them.
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6. Conclusion
After completing the build and investing heavily in it, the DG may cease operating
after a few years for many reasons. This now leaves a stranded asset, which may not
be utilised again. Therefore, careful consideration must go into deciding whether to
invest or not in the construction of this feeder. The advantage of constructing a new
line as apposed to upgrading an existing line, is that outages are not required and so
the build is not restricted to the time of year that the DSO can accommodate
sustained outage period.

During the development of this thesis it has become clear that distribution
networks are changing and each feeder may have to be controlled and monitored
independent of the neighbouring feeders which are connected to the same 38 kV
common busbar at the feeding 110 kV substation. Because of the bidirectional power
flow, new methods or altered exiting methods must be created to ensure the level of
supply the customer receives is within standard. Utilising methods that were
sufficient for networks that only had load demand and no DG connected are
becoming less effective, and in some cases, counter effective. As a result of the
investigations undertaken, a possible vision of future networks is outline in Figure
6.1 below, it is a combination of [81 and [281.
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6. Conclusion

Figure 6.1
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6.1 Future Research

6.1

Future Research

Chapter 4 is dedicated to discussing the mitigation methods for voltage rise. Three of
the seven methods that are discussed are currently not utilised by the DSO. The
remaining four methods are, but they may be developed further and incorporated into
a smart network scheme. When further studies are carried out, voltage mitigation is
only one aspect. It has been highlighted in this thesis that some mitigation methods
solve the problem of voltage rise but can cause other problems, such as over loading
the feeder conductor, or forcing an IPP to reinforce a network for which another IPP
will benefit from.

Utilising the Distributed Generator and Downline Autotransformer with OLTC
To create an automated feeder which can correct its own voltage is based on
having a communications link between all substations on the feeder. Currently in
Ireland, there is no fiber cable attached to 38 kV overhead lines, this is only on 110
kV lines. So methods such as Wi-Max, GPRS, radio or satellite must be analysed to
determine what communication type link would best suit the 38 kV network in
Ireland.

Limiting the Distributed Generator Export
This has been modeled to work but to allow it to work automatically a
communication link between all substations is required. The main focus of this study
is not on the technical engineering side, but on the contractual element between the
DSO and the IPP. If a future DG upgrades the network, then the first DG would
benefit and possibly be now able to export full capacity at all times.

Shunt Reactance
This method is not used in Ireland. There are extra VARs flowing in the
system and these would have to be paid for. There are two elements to this.
Firstly, where is the best location for this reactor from both an electrical engineering
point of view and a metering revenue point of view?
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6.1 Future Research
It can be seen from the study that locating the shunt reactor at a centralised point on
the network allows the shunt to aid the majority of DGs that will be connected to the
feeder. Secondly, when future DGs are connected to the feeder how will it be
determined which DG is causing the reactor to import a certain amount of VARs? An
option would be to install the shunt reactor at the DG substation but as studied a DG
exporting at one location may be causing a voltage rise at another location. This
method may ‘sterilise’ the line and no further DGs can connect to it. This must be
studied further.
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